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The  current  state  of  the  theory  describing  cosmic  ray  modulation 
in  the  interplanetary  medium is reviewed.  Emphasis  is  given  to  the 
problems  of  determining  the  transport  coefficient  for  diffusion  in  energy 
and  position  space  and in assessing  the  importance  of  particle  drift 
motion  in  three  dimensional  modulation  models. 
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1. Introduction 

The purpose  of t h i s  review is  to  provide a description  of 
the  current  state  of  the  theory  for  the main effects  of  the  interplanetary 
medium on the  galactic cosmic ray  spectrum.  Recent work explaining 
the  three  dimensional  nature  of  energetic  particle motion in   t he  
heliosphere,  together  with a continued  input  of  interesting  experimental 
r e s u l t s  from Pioneer 10 and 11 and  Voyagers 1 and 2 makes t h i s  task 
necessary. While we w i l l  concentrate on the development  of the  formal 
description  of  the  topic  of  modulation,  important  experimental  data 
requiring  explanation w i l l  be mentioned. 

I 

Two basic  reasons  motivate  the  desire  to  understand cosmic 
ray  modulation.  For some, the  interact ion  of   energet ic   par t ic les   with 
the  electromagnetic  fields  of  the  interplanetary medium i s  an  example 
of an astrophysical plasma  problem which should be capable  of  solution, 
given  the  comprehensive and  complementary f i e l d  and par t ic le   da ta  
available.  For others,   the  effect   of  the  interplanetary medium is  
simply t o  mask our knowledge of   the   t rue   in te rs te l la r  cosmic ray  spectra 
below % lO1o eV and modulation  studies  are  expected  to  provide  suitable 
correction  factors  to  near  Earth measurements of  the  charge and energy 
spectra of cosmic ray  nuclei and electrons.  

It  was only  in  1954 t h a t  Forbush established  the  11-year 
modulation  of  the  cosmic ray intensi ty   in   ant i -correlat ion  with  solar  
a c t i v i t y  which is now recognised as the  chief  effect   of  the  interplanetary 
medium on the  galact ic  spectrum  (Forbush,  1954). However, pre-1939 
searches  for  anisotropies  associated  with  the  galaxy  revealed  intensity 
var ia t ions dependent upon solar  time which in  fact   correspond  to  f low 
patterns  associated  with  the  11-year  modulation. Pomerantz  and Duggal 
(1971) in  their   review  of  the  solar  diurnal  anisotropy  cite  Miehlnickel 
(1938) as an  example of  such an observation.  Transient change in   the  
level  of  modulation  usually  associated  with geomagnetic a c t i v i t y  and 
known as   the  Forbush  Decrease was f i r s t   n o t i c e d   i n   t h e   1 9 3 0 ’ ~ ~  e.9. 
Messerschmidt  (1933)  and  Steinmaurer and Grazidei  (1933). 

Quantitative  theoretical  understanding  of  modulation  can  take 
two approaches,  both  deriving from the work of  Parker on the  solar  wind 
(Parker,  1958a) which established  the  supersonic plasma outflow from 
the sun and the Archimedean spiral   f ie ld   pat tern.   Parker  (195813) 
pointed  out  the  effect  of s ca t t e r ing   i r r egu la r i t i e s   i n   t he   so l a r  wind 
magnetic f i e l d  would be t o  cause a tendency  for low energy  cosmic  rays 
t o  convect  outwards  with  the  flow. The reduction  in  intensity  near 
the sun would r e s u l t   i n  a balancing, inward diffusive  f lux  along  the 
sp i r a l   f i e ld   l i nes ,   d r iven  by the  density  gradient. A further  cause 
€or  reduction  in  the  differential  number densi ty   of   par t ic les  is’ the 
deceleration  brought about by expansion  of  the  solar wind  medium. 
This was f i r s t  mentioned by Singer e t   a 1  (1962) i n  connection  with a 
theory  for Forbush decreases,  but was subsequently  applied  to  the 11- 
year  cycle  modulation by  Quenby (19658)  and Dorman (1965). A complete 
Fokker-Planck equation  describing  diffusion  parallel  and perpendicular 
to   the  mean field,  convection and energy loss due to   ad iaba t ic  
deceleration was then  quickly  provided by Parker (1965131.  The only 
modification  to  this  equation  required by  more recent  studies i s  the 
inclusion  of an acceleration term due to   t he   r e l a t ive  motion  of waves 
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in   the   so la r  wind reference frame (Fisk  1976a).  Simplicity  in 
understanding  modulation,  especially  the  associated  anisotropy, 
derives from the work of  Gleeson and  Axford  (1968) on the Compton- 
Getting  factor,  C = 1/3U a/aT(aTU) for  number density U a t   k i n e t i c  
energy T with a = T+2Eo/T+E0. CXIJ represents  the  f irst   order  correction 
t o  any wind frame anisotropy on transformation  to  the  stationary 
reference frame with  solar wind velocity x. Hence with a diffusion 
gradient  drivenflux  purely  along  the  f ield  l ines  in  the wind frame, 
K,, aIJ/as fo r   para l le l   d i f fus ion   coef f ic ien t  K,, and arc  length  along 
the   f i e ld  s t  t h e   t o t a l   r e s t  frame streaming is 

In equilibrium  the  radial component of 5 is observed t o  be  roughly 
zero, so CVU = Krr21J/ar where K r r  is the  resolute of K,, in  the 5 o r  
rad ia l   d i rec t ion .  Also the  azimuthal  streaming is K + r  au/ar and 
is  from the  East   since  there is no V+ and the Archimedean s p i r a l   f i e l d  
l ines   runhas t   towes t  as seen by inward moving pa r t i c l e s .  Because 
the  spiral   angle  is Z- 45O a t   t he   Ea r th ,  we see  immediately tha t   t he  
azimuthal  streaming  giving  rise  to  the  solar  diurnal  variation is = CVN. 
Also the  depth  of  modulation is given by 

where rm represents  the boundary  of  the  modulation  region or   solar   cavi ty .  

Experimentally it is found t h a t   a t  high  magnetic r i g i d i t i e s  
('3 1 GV) , w e  can write 

where P is i n  GV and independent  studies  of U ( r m )  based on spectral  
composition  data and galactic  radio  emission  suggest M 0.3 - 0.6 GV 
a t  so l a r  minimum. N o  integral   of ( 2 )  can be performed r e l i ab ly   a s  ye t .  
Attention  has been paid  to  perpendicular  diffusion and d r i f t  motion  under 
f ie ld   g rad ien t  and curvature and to   ou t -of -ec l ip t ic   e f fec ts  which  can 
substant ia l ly  modify the  approximation (1) (e .g . 'L ie t t i  and Quenby, 1968; 
Jokipi i  Levy and  Hubbard,  1977) . 

An alternatiwviewpoint  or  approximation  to  modulation  arises 
from the  hypothesis  of Ehmert (1960) tha t   the   par t ic les  move under a 
hel iocentr ic   e lectr ic   potent ia l .   This  i s  not due t o  an e l ec t ros t a t i c  
charge,   as   or iginal ly   postulated,   but   resul ts  from the smooth f i e l d  
limit or  Archimedean spiral   representat ion of the IMF (Interplanetary 
Magnetic F i e l d ) .  Here, t he   r e s t  frame e l e c t r i c   f i e l d  i s  E =-x x 
because  of  the  relativist ic  transformation  appropriate  to  infinite 
e lectr ical   conduct ivi ty   in   the moving frame.  For a steady and V, 
t h e   e l e c t r i c   f i e l d  can be represented by a potent ia l  

- 

= - a2 ~2 B: s i n  A (4)  

where a is the  distance from the  sun to   t he   ea r th ,  Br is  the   rad ia l  
component of  the  magnetic  field a t  a and X and Q are  respectively  solar 1 



- 3 -  

i a t i t u d e  and angular  speed  (e.g.  Stern,  1964).  This  representation 
fails  to  explain  azimuthal  streaming  because  there i s  no sca t t e r ing  
to  break  Liouville 's  theorem  which says  that   s ince  there  is access 
from a l l   d i r ec t ions   t o  a given  point   in   the  e lectrostat ic   potent ia l ,  
no anisotropy can r e s u l t .  It  does however provide a rough description 
of the  level   of  cosmic ray  modulation and the  possible  dominating 
importance  of  three  dimensional  particle  drift motion  under gradient 
and curvature  forces  (Jokipii  and Kopriva,  1979;  Kota,  1979). These 
d r i f t s  move par t ic les   aga ins t  E t o   o r  from the  solar  polar  regions.  

From the  viewpoint of modulation  studies as a means of  doing 
co l l i s ion le s s  plasma physics,  the  detailed  understanding  of  the 
interact ion of  cosmic rays  with  interplanetary waves and discont inui t ies  
is  important.  Jokipii  (1966) and Roeloff  (1966)  pioneered  the  attack 
on t h i s  problem  using  the  concept  of  the  resonant  wave-particle 
in te rac t ion   to   sca t te r ing   in   p i tch   angle  and  hence K,, and to  estimate 
also  the magnitude  of  perpendicular  diffusion.  Acceleration  during 
wave-particle  interactions was studied by Tverskoy  (1967) who included 
the  effects  of  both  resonant  interaction and those  of  long  wavelength 
fluctuations.  An example of a related  study on the a b i l i t y  of  shock 
fronts   to   accelerate  a low energy  solar  particle  population is t h a t  of 
Sa r r i s  and Van Allen  (1974). 

Although l imi ta t ions   in   the  amount of  material we can 
reasonably  cover  in  this  review  precludes a detailed  account  of 
Forbush  Decrease  theory, w e  should  mention a t  t h i s   p o i n t   t h a t  such 
invest igat ions  a lso  re la te   to   the plasma physics  of  the  interplanetary 
medium. In th i s   case ,  it i s  l i k e l y   t o  be the  modifications  resultant 
upon the  emission  of a high  speed stream o r  a b l a s t  wave from the sun 
which causes  the  event.  Theories  of  the  decrease  either  derive from 
the  disordered  f ie ld  model of  Morrison  (1956) o r  an ordered  f ie ld  geometry 
(ALfven 1954). &&ifprogress   has  been made based upon a geometry derived 
from Parker's (1963a) b l a s t  wave  model which introduced  the  idea of a 
moving, leaky  barrier. 

e f f ec t s  governing  the  overall cosmic ray  modulation were known by 1965, 
t he   r e l a t ive  importance  of  the  various  terms  in  the  Fokker-Planck 
transport  equation  describing  the  interplanetary  propagation and the 
evaluation  of  the  transport  parameters employed remain as topics   to  be 
decided.  Recent  experimental r e s u l t s  which profoundly  influence  the 
course  of  the  theoretical development of the  subject  are  the  continuing 
small values  of  the  density  gradient  seen  out  to 20 AU and  beyond by 
Pioneer 10, the  increasing  confirmation  that  the mean  IMF i s  en t i r e ly  
outward o r  inward  above ? 1 5 O  -+ 30' solar   la t i tude,   evidence  for  
interplanetary  accelerat ion  a t  low energies and a var ie ty  of low energy 
so la r   pa r t i c l e  and galactic  charge  composition and  flow  data which seem 
t o  be  incompatible  with low values  of  the  scattering mean free  path 
derived from local  magnetic  field  data. 

Whereas it is probably  correct  to  say  that   almost  al l   the main 

Our review must  be selective  in  the  experimental   data mentioned 
and our  theoretical  development w i l l  aim to  present  simple and therefore 
non-rigorous  proofs  for  the  benefit  of  those who are  not  well   trained  in 
Applied  Mathematics.  For  both these  reasons we  now list previous  reviews, 
through which a more thorough knowledge of  the  subject can  be obtained. 
Theory is  reviewed i n  book or  journal form by Parker  (1963b), Dorman 
(1963) , Quenby (1967) , Parker  (1969) , Jokipi i  (1971) Volk (1975) , 

' F i s k  (1979) and  Gleeson  and Webb (1979)  while  reviews  given a t  
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conferences  include  Parker  (1965a) , Quenby  11965b) , Gleeson  (1971) , 
Quenby (1973,  1977), Forman (1975) , Jokip i i  (19-79) and Lee (1981 3 .  
Experimental  evidence is reviewed i n  book or   journal  form by  Webber 
(1962), Lockwood (1971), Pomerantz  and Duggal (1971,  1974)  and 
Moraal (1976),  while  conference reviews include Webber (1967) , 
Gleeson (1971), Quenby (1973), Moraal (1975), Pomerantz (1975) , 
Nagashima (1977) , Duggal (1977) , Webber (1979) , McKibben (1981)  and 
Somogyi (1981).  Related  reviews  of  solar  particle  propagation  include 
McCracken and Rao (1970),  Lin  (1974) , Palmer (1981)  and Quenby (1982). 
Early work can  be  followed i n  E l l i o t  (1952)  and Singer  (1958). 

2.  The Interplanetary Magnetic Field and The Solar Wind 

Modulation  theory  can  only  reasonably  be  developed  within  the 
context  of  current  modelsfor  the  solar wind, the  interplanetary 
magnetic f i e l d  and the  termination  of  the  heliosphere a t  the boundary 
wi th   the   in te rs te l la r  medium. Usually it has  been  the  advance  of 
knowledge concerning  the  solar  plasma  configuration which has  pre- 
dated improvement i n  modulation  theory.  Since w e  are   l imited by 
cur ren t   so la r  wind data,  including  the  three-dimensional  field and 
plasma d is t r ibu t ion ,  it is  reasonable  to  briefly summarise t h i s  
knowledge before   cr i t ical ly   reviewing cosmic ray  propagation  theory. 

S ta r t ing  from the  idea  of a sphecially symmetric, supersonic 
plasma outflow from the sun, Parker (1958a) po in t ed   ou t   t ha t   a t   t he  
very  high  magnetic  Reynolds number appropriate to conditions  in  the 
interplanetary medium, frozen-in  field lines i n i t i a l l y   r a d i a l   i n  . 
di rec t ion  a t  some poin t ,  r = b,   c lose  to   the  solar   surface,  would 
follow  the Archimedes sp i r a l  

r = V t + b  

C$ = C$ c Q t s i n 0  
0 

i n  a spherical  coordinate  system  with 8 = 0 def ining  the  rotat ional  
ax i s  of the  sun  and bo as  the  longitude  of  origin  of  the  streamline 
o r   f i e l d  l i n e  a t  r = b where the  flow j u s t  becomes supersonic. 
Conservation  of  magnetic  flux i n  the  diverging geometry requires  Br,  
the   rad ia l  component of the  magnetic  induction  (to be known as 
I f i e l d '  from henceforth)  to go a s  Br = Bo (b/r) for 2 = a a t  r = b. 
The s t reamline/f ie ld   l ine makes an  angle I) = tan'l(Qr  sin e/V) t o  
% a t  r and  hence Bc$ = Bo (b/r)2 Q r s i n  e/V. 

Modifying Parker's  idea  to  take  into  account  the  suggestion 
of  Schulz  (1973) and o the r s   t ha t   t he   so l a r   f i e ld  and i ts  extension 
in to   the   so la r  wind can  be  represented by the  dragging  out  of a dipole,  
t i l t e d   a t  an angle a with  respect   to   the  solar   rotat ional   axis ,  

where S ( X )  i s  the  Heaviside  step  function. The current  sheet  representing 
the bounday between inward.and  outward  interplanetary  field is given by 
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e .9 .   Jokipi i  and Kopriva,  1979) . Pioneer 11 data (Smith e t   a l ,  1978) 
suggest  that  c1 = 16' i n  1976 because  the  sector  structure  in  the 
f i e l d  had almost  completely  disappeared when the  spacecraft  reached 
a he l io l a t i t ude  of  16'. 

Figure 1 (Jokip i i  and  Thomas, 1980), shows a computer 
simulation  of  the warped current  sheet  separating  the outward and 
inward regions  of  f ield  polarity.  It i s  the  wobbling  of  the  solar 
dipole  equator  with  respect  to a fixed  point  in  interplanetary  space 
together  with  the  roughly  radial  motion  of  the  solar wind convecting 
t h e   f i e l d   a t  a f i n i t e  speed and causing a delay  in  the  appearance 
of one par t icu lar   s ign  of the  photospheric   f ie ld   a t  a point  in  space 
t h a t  produces  the  pattern. 

The r e l a t ive ly  simple t i l ed   d ipo le  model does  not, however, 
sat isfy  completely  the  total i ty  of  the  sector  structure  data  available,  
i n   pa r t i cu la r  on the Rosenberg-Coleman (1969) effect .   This measures 
the dependence of magnetic f i e l d   p o l a r i t y  on hel iolat i tude and the 
problem i s  discussed by Moussas and Tr i t ak i s  (1980). Hakamada and 
Akasofu (1981) for  example find two peaks  per  solar  cycle  in  the 
maximum hel iolat i tude  of   the  current   sheet  between  1965  and  1978, 
namely i n  1968  and  1974  and a maximum tilt angle  of 27 ' .  They found 
t h i s  by f i t t i n g  a l a t i t u d e  dependence to   the   so la r  wind speed as  
revealed by in te rp lane tary   sc in t i l l a t ion   da ta  on the movement of 
inhomogeneities  across  radio  sources (Dennison  and  Hewish,  1967; 
Sime and Rickett,  1978). The angle  of  dipole tilt was then made to  
f i t  the  chief  feature  of  the  observed  solar wind speed a t   t h e   e a r t h .  
Polar  coronal  holes  are supposed t o  be  centred on the  dipole  axis and 
hence the  equatorwards  spreading  of  the  polar  streams  (e.9.  Suess e t  a1 
1976)  appear in  the  northern and southern  hemispheres a t  longitudes 
separated by 180'. Hakamada and  Akasofu show the   so la r  wind speed t o  
be a maximum twice  per 27-day rotation  period and in  phase  with  their 
predicted maximum of  solar  magnetic  latitude.  This  observation  together 
with  the  expected  sign  reversal  of  each  half  rotation  period  fits 
into  the  idea of  the  equatorwards  spreading from coronal  holes. 
However to   ob ta in  a 4-sector   s t ructure   as  sometimes observed,  an 
additional  longitudinal wave s t ructure  is postulated  for  the  current 
sheet,  possibly due to   fo r  example two northern  coronal  streamers  in 
1971-1973 (Howard and Koomen, 1974) . 

An overal l  surmnary of the  t ime  variations  of  the  interplanetary 
s c i n t i l l a t i o n  measurements is given by Coles e t  a1  1980, from whom 
Figure 2 is reproduced. While the  equatorial  wind speed  remains 
relat ively  s teady,   the   high  la t i tude speed and pos i t i ve   l a t i t ud ina l  
gradient   in  speed are   bo th   g rea tes t   a t   so la r  minimum. Note also  the 
contraction  of  the  coronal  hole  area  near  solar maximum. 

Simultaneous  Helios I and Helios 2 magnetometer observations 
between 0.28 and 1 AU confirm  the  average  tilted  current  sheet  configuration 
giving a angle c1 = 10' (Vil lante   e t   a1  1979) .  However observational 
scat ter   about   the mean r e s u l t  can  be interpreted  in  terms  of  local 
d i s tor t ion   to   the  warped current  sheet boundary  and Figure 3 i s  one 
possible model satisfying  the  data.  Four sectors  are  only found a t  
no r the rn   l a t i t udes   i n   t h i s  model. 
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Concerning  the  overall and fluctuating  behaviour  of  the 
magnetic f i e l d ,  a recent  study by Thomas and  Smith  (1980a)  confirms 
the  average  Parker  spiral  angle  out  to  8.5 AU but shows tha t   t he  
f ie ld   d i rec t ion   exhib i t s  more var iab i l i ty   in   qu ie t   than   in   in te rac t ion  
regions  of  the  solar wind. Pioneer 1 0  data   out   to  5 AU approximately 
f i t  the  expected rm2 rad ia l  magnetic f i e l d  dependence  and the  associated 
r-1 azimuthal  f ield  variation (Rosenberg e t  a1 1978)  though some 
departure from t h e   l a t t e r  l a w  due to   correlated 8 < 6 B,$ fluctuations 
can be  accommodated in   the  scat ter   of   the   resul ts   (Goldstein and 
Jokipii   1977).  Thomas and  Smith  (1980b)  have studied  the  radial  power 
spectrum.of  fluctuations and Figures 4 and 5 respectively show the power 
in  the  transverse and I BI or  longitudinal  f luctuation components a t  
d i f fe ren t   rad ia l   d i s tances .  The spectral   indices  at   high  frequencies 
tend  toincyease from -1.7 t o  -1.4 between 1 and 7 AU. Integrated 
power spectral  data.show a radial   var ia t ion  proport ional   to  1-3-03 f o r .  
the  transverse component  and proportional  to r-2-04 for  6B . Thus 
the  scaling of  the  transverse power i s  close tlj that   of  I B d  , which 
var ies  as r-2.74 (Rosenberg e t  a1 1978)  while  the  longitudinal 
f luctuat ions become re l a t ive ly  more important  further  out. 

Burlaga  (1979)  has  recently  reviewed  the  subject  of wave motion 
within  the IMF from the  viewpoint  of  identification  of  the  propagation 
mdes  for  the  disturbances.  I t  is  generally  agreed  that  most f luctuations 
are  Alfv6nic,  obeying 6 1  = A 6 g  where A = V A / B ~  for  Alfv6nic  speed VA 
and mean f i e l d  g. However, it is  necessary to   dis t inguish between 
either  plane,   transverse wave fluctuations  with 6 B ( t )  o s c i l l a t i n g   i n  
2 dimensions so that [El = constant and the  perturbation  vector moves 
on a small c i r c l e  of a sphere   o f   th i s   rad ius   bu t   res t r ic ted   to   the  
plane  perpendicular   to   or   a l ternat ively  the  mre  general  = constant 
wave case where Bg(t) fluctuates  over  the  surface of t h i s  sphere i n  
different   planes a t  different   posi t ions (Whang 1973,  Goldstein e t   a 1  
1974).  In  the second case,  there is a 6BL : 6B,, ant icorrelat ion and 
observat ions  confirm  this   la t ter   s i tuat ion i s  the most common (Sari 
1977) . Both types  of waves are  predicted  to  follow a /6g(r) I = r-3/2 
rad ia l  dependence (Whang 1973),   in agreement  with  the Thomas and  Smith 
power spectra  data.  By studying  the  time it takes  these  fluctuations 
t o  convect i n   t he   so l a r  wind past  two close  spacecraft ,  it is  possible 
to  study  the  alignment  of  the minimum variance  direction  or  equivalently 
the k (propagation  vector)  orientation (Denskat  and  Burlaga,  1977). 
Thiss tudy   ind ica tes  a tendency for  & to  al ign  with  the  average  f ield 
direction,  rather  than  the  radial   direction.  Theoretical   predictions 
in   t he  absence  of  velocity  gradients had suggested  that  Alfv6n waves 
would have &vec to r s  more near ly   radial   in   or ientat ion  (Barnes,  1969; 
Vdlk and Alpers,  1973) . Furthermore,  the  tendency  of  the .& direct ion 
to  align  with  includes  the  leading and t r a i l i n g  edge parts.  of  stream 
interact ion  regions  contrary  to   the  predict ion of some that  &would 
point  west  of  the  earth-sun  l ine  at   the  front and e a s t  of t h i s   l i n e  t o  
the  rear  of  the  interaction. 

Large sca le   d i scont inui t ies   a l so   ex is t   in   the  IN?. Discontinuous 
f i e l d  changes in   d i rec t ion  5 30" occur a t  a ra te   o f  0.5 t o  one per hour 
and there  are  roughly  equal numbers  which are   tangent ia l   d iscont inui t ies  
with  parallel   to  the  surface and no mass flow  across and rotat ional  
discontinuities  with a f i e l d  component normal to  the  surface and mass 
flow  across  this  plane  (e.9.  Burlaga e t   a l ,   1 9 7 7 ) .  While  most rotat ional  
discont inui t ies  resemble  Alfvgnic  fluctions  in  that  they  conserve IBI , 
changes in   t he  plasma anisotropy, (PA - P,,) , across  the  surface  allows 
possible change i n  Il3I (Hudson, 1970) . Interplanetary  shocks,  another 
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discontinuity  class,   are  dist inguished by large  veloci ty  change  and 
plasma  compression. They a re   e i the r  of the  transient  type where f l a r e  
accelerated  gas  pushes i ts  way through  the  ambient  solar wind o r  of 
the  corotating  type  associated  with  fast   solar wind stream or   in te rac t ion  
regions.  In  the  outer  solar  system, two basic  corotating  regions  are 
found,  each  comprising  of a f a s t  and reversed shock p a i r  and following 
a spiral   pat tern,   wi th  compressed  gas inside  the  regions and raref ied 
gas and qu ie t  magnetic  conditions  outside  (Smith and  Wolfe, 1979). 
Other possible  special   f ield  configurations seem to  exis t   occasional ly ,  
such  as  the  closed  magnetic  loops  or  tightly wound helixes  seen by 
Burlaga and Klein  (1980) and others.  Interaction  regions  often seem 
to  overtake and absorb  the  neutral  sheet,  separating  the inward  and 
outward IMF (Thomas and  Smith 1 9 8 0 ~ ) .  Hakamada and  Akasofu (1982) 
model t h i s  and other  aspects of the  kinematics  of  the  3-dimensional 
solar  wind disturbance  structure. 

3. The Fokker-Planck o r  Modulation  Transport  Equation 

Although the  basic  equation  describing cosmic ray  modulation 
has been known since 1965 (Parker 1965331, there  has been a continuing 
theoret ical   effor t   to   understand  the  var ious terms and ref ine  the 
derivation.  Evolving knowledge of  the  interplanetary  electromagnetic 
conditions  has  greatly  influenced  this  process.  Basically we may 
comprehend modulation as   the  resul t   of  a competition.  Galactic 
par t ic les   a t tempt   to   fol low  the Archimedean s p i r a l   f i e l d   l i n e s   i n t o  
the  sun,  but  suffer  scattering due t o  magnetic waves. Provided a 
density  gradient is  set up, there  must  be an  inward diffusive  current ,  
supplemeniedinprinciple by transverse  scattering and la rge-sca le   d r i f t  
motion across   the   f ie ld   l ines   to   o r  from the  polar Archimedean f i e l d  
l i n e s  where the   in tens i ty  may be rather   different .   This  inward 
current is balanced by an  outward  convective  sweeping as   the  scat ter ing 
centres   are   carr ied by the  solar wind.  Since in   the   so la r  wind 
reference frame these  scattering  centres  are  receding from each  other, 
a p a r t i c l e  energy loss is also  expected  to  deplete  the  intensity  in 
a d i f f e r e n t i a l  momentum range. 

A tensor  diffusion  coefficient may be constructed,  based on 
the  bel ief   that   the  Archimedean pat tern is dominant  and t h a t   f i e l d  
f luc tua t ions   a re   re la t ive ly  small. Note that   the  power l eve l s   fo r  
the  f luctuations mentioned in   sec t ion  2 actual ly  imply <6BL>/B 'L 0.3 -f 

0.5, so t h i s  approximation  requires  careful  investigation.  Individual 
p a r t i c l e  motion is considered  under  the  guiding  centre  approximation 
and field  irregularit ies  are  thought  to  cause  appreciable change  from 
the   in i t ia l   he l ica l   t ra jec tory   on ly   a f te r  many gyrations. By working 
in i t i a l ly   i n   t he   so l a r  wind frame  where t h e   e l e c t r i c   f i e l d  E = -1 x 
is generally small, since VA/V 2 1/10, t he   e l a s t i c   co l l i s ion  approximation 
is useful.  The par t ic le   kinet ic   theory approach of Parker  (1958a) and 
the Boltzman equation  approach  of Axford  (1965)  and Quenby (1966) to  
this   dif fusion  tensor  can be i l lustrated  in   the  fol lowing manner which 
simply r e - i t e r a t e s  a standard, plasma physical  treatment employing a 
relaxation  length ( A l l i s  1956). 

Introduce  as  the  guiding  centre  velocity  for  particle motion 
i n  uniform  magnetic  induction B, e l e c t r i c   f i e l d  E with LL& = eB/mc as 
the  cyclotron  angular  frequency.  Let  complete  randomisation  of  individual 
p a r t i c l e  motion  occur  with  frequency vc i n   e l a s t i c ,  "hard  sphere" 
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col l is ion.  Hence Newton's  second  law is 

ir = a + , , %  - v  c %  
9 - 

with a = eEJm the  l inear   accelerat ion and we  take  the  steady  state 
s i t ua t ion ,  ir = 0. Taking the  vector  product u+ x (8) we f i n d '  

9 

which  can  be wri t ten  in   tensor   notat ion  as   vgi  = p i j  E .  where u i j  
represents  the  various  conductivities. However i f  w e  represent 
the  force  per  unit volume and per   un i t  mmentum i n t e r v a l   a t  p, UeE 

7 

density and by -grad P-where U(r ,p , t )  i s  the   d i f f e ren t i a l  number 
define a par t ic le   pressure P = 1/3 Um v2 a t   p a r t i c l e  
un i t  momentum in te rva l ,  w e  f ind 

For r = i x  + - j y + kz and E in   the  & direct ion , 

2 

3 
= v  

v' ' - 0) 
C b 

v 2+u 
2 

'c  +'b c b  

~ 0 0 

0 

0 

- 1 
V 

C 

ve loc i ty   in  

(10) 

Hence % becomes a streaming  velocity,  driven by a par t ic le   dens i ty  
gradient  and a p a r a l l e l  mean free  path may be introduced, X, ,  = v v 
appropriate   to  momentum 2. The para l le l   d i f fus ion   coef f ic ien t  is K,, = 

C f  

X,,v/3 and when vc << wb, the  other  diagonal  terms  of  the  tensor  yield 
diffusion  coeff ic ients ,  K, = vX,,/3u = v p 2 / 3  where p is the  cyclotron 
radius and we  are  involved  in  scattgring fiy a length p every x,, 
distance  travelled  along E. The off  diagonal  terms  are  then  analogous 
t o   t h e  Hall conductivity and correspond  physically  to  streaming,due  to 
a guiding  centre  gradient  perpendicular  to E. .. 

To transform  this  diffusion  anisotropy from the moving o r  wind 
frame to  the  fixed  reference frame in  which.observations  are made, the 
anisotropy must  be corrected  for  the Compton-Getting effect .   This 
f ac to r   a r i s e s  from the  bunching  of  the  particle  distribution  function  in 
the 1 direct ion and  change in  the  energy  of  individual  particles due t o  
the  convective  motion. Gleeson  and  Axford  (1967) f i rs t   obtained  the 
accepted  expression  for  this  correction by applying  the Boltzmann 
equat ion  in   the  res t  frame to  "hard  sphere"  scattering  in a spherically 
symmetric  wind with  radial  E. Forman (1970) has  provided a more eas i ly  
followed  proof which  depends on the  Lorentz  invariance of the   par t ic le  
dis t r ibut ion  funct ion on reference frame transformation : 
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where primed q u a n t i t i e s   r e f e r   t o   t h e  moving frame.  For r e l a t i v e  
ve loc i ty  v << v 

p -  p' = - P v  
v -  

and a Taylor  expansion  of (12)  y ie lds  

f o r  a gradient V i n  momentum space. I f  is the   un i t   vec tor   in   the  
anisotropy  direceion  in  the  stationary  frame, 

v f' = n - +  O(-$ a t  V 
P - aP 

as the  anisotropy  in   the primed  frame is of  order V/v and so 

and t h e   f i r s t  term i n  (16) is the  Compton-Getting correct ion  to   the 
anisotropy. Going from gradient   of   the   dis t r ibut ion  funct ion  to  
d i f f e r e n t i a l  number density  in  kinetic  energy, T ,  yields  the  streaming 
correction 

c v u  = ( 1 - -  - 3U aT --a T U )  V U  I d  

where a = T + 2E0/T + Eo and Eo is rest energy.  For a spectral   index 
n = - a RnJ/a RnT f o r   d i f f e r e n t i a l   i n t e n s i t y  J ( r , T )  = v U / ~ ' K ,  C = 
( 2  + an)/3. I t  may be shown  (Dorman e t  a1 1977) tha t   t he   k ine t i c  
equation  developed by Dolginov  and Toptygin  (1968) by s ta r t ing   wi th  
the  Liouville  equation and a spectrum  of  plane wave turbulence  leads 
u l t imate ly   to  a similar r e s u l t   t o   ( 1 7 ) .  Dorman e t  a1 a l so  show the 
equivalence  of  the Dolginov  and  Toptygin work t o   t h e  Fokker  Planck  of 
Parker  (1965b)in  their work which was or iginal ly   publ ished  in  a Russian 
journal  in 1966. 

Our next   s tep i n  s e t t i ng  up the  complete  transport  equation i s  
to   consider   diffusion i n  energy  space.  Parker (1965b) and Jok ip i i  and 
Parker (1967, 1970)  used  an adiabat ic   decelerat ion  ra te  

t rue   e i the r  i n  the   f ixed   or   the  wind frame. An a l t e rna t ive  and more 
physically  understandable  approach is to  consider  energy change in   t he  
fixed  frame.  There must be a cur ren t  a /aT (dT/dt) U i n  energy  space 
where (dT/dt) is the  mean rate of  increase  of  the  particle  kinetic 
energy  with  respect t o  time. We may suppose tha t   the   so la r  wind does 
work against  a pressure  gradient  of  the cosmic ray  gas.  That i s ,  the 
magnetic f i e l d   l i n e s  are forc ing   the i r  way past  an  existing  gas 
d is t r ibu t ion .  The gas  pressure, assumed to   be   i so t ropic ,  is  aTU/3 and 
hence the  cosmic rays  actual ly  gain heat (random) energy a t  a rate 

(z) U = x . grad P per   un i t  volume, per second dT 

(Fisk  1974, Quenby 1973,  Gleeson and Webb, 1974). Thus 
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dT 
(dt' u = v - a C~TU 

ar 

A t  t h i s   s t a g e  it is appropriate   togather  up the  previous  terms  into 
the  Fokker  Planck  of  Parker by se t t i ng  down the  complete continuity 
equation  for U ( r , T , t )  . N e t  streaming i n  r and T space  with a l l  
quant i t ies  measured in   the   s ta t ionary  frame is 

au 
a t  - +  div  S + E ( z ) U  = 0 3 dT - 

is Compton Getting  plus  diffusive  streaming.  Substituting  (19) and 
( 2 1 )  in to   (20)   for  a spherical ly  symmetric s i tuat ion  with no statist ical  
accelerat ion  yields  

(c f .  Parker196523,Axford and Gleeson  1967, Skill ing  1975).  

Webb and  Gleeson  (1979)  have  provided fur ther   insight   into  the 
derivation  of  this  equation  (22) employing the  adiabat ic  loss (18) by 
f i r s t  showing three   d i f fe ren t  ways i n  which (18) can  be  established. 
Then a procedure  given by Jokip i i  and Parker 1970 i s  followed t o   y i e l d  
( 2 2 ) .  The f i r s t   o f  Webb and  Gleeson's  approaches is to   t ake  a continuity 
equation  similar  to  (20)  but  writ ten  in terms of U* which i s  p a r t i c l e  
density measured with  respect   to  moving frame momehxn, p '  , and fixed 
frame posi t ion,  r. Likewise g* is defined and shown t o  be E* = U '  + 
S' where U '  and a re  moving frame quant i t ies .  The  momentum c h a d  Zrm <p ' >*Panalogous t o  dT/dt in   (20)  was evaluated by not ing  that  
momentum can  change  because  of the  Lorentz  force  or as a consequence  of 
the   spa t ia l  and time dependence of   the  solar  wind velocity.  Averaging 
over a group of near ly   i so t ropic   par t ic les  and using  the  Lorentz 
transformation  yielded 

a lgeb ra i ca l ly   i den t i ea l topa rke r ' s  form. I t  was noted  that   the 
der ivat ion  did  not   re ly  on the  detai led form of  the  Lorentz  force 
provided wave motion in   the wind frame vas neglected. 

The second derivation  followed  Skilling (1971) in  taking 
moments of   the  ensemble  averaged Liouville  equation. Again it was 
not iced  that   the  momentum change terms in   the   resu l t ing   cont inui ty  
equation depended only upon a / a r . ( F )  and not  on the   de ta i l s   o f   the  
Lorentz  force (F is the  f ixed frame dis t r ibut ion  funct ion) .  

Webb and Gleeson's  third  approach was t o  re-do the   o r ig ina l  
work on betatron and  inverse-Fermi  deceleration f i r s t  mentioned  by 
Singer e t  a1 (1962)  and  used  by Quenby (,1965a,  1967) . In  the  solar wind 
frame,  cosmic rays  lose  energy  as  they bounce  backwards  and forwards 
along  the  spiral  IMF l ines  because  of  the  net  recession  of  the  scattering 
centres.  This  inverse of the Fermi acceleration  process is shown to give 
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where JI is the  angle between t h e   f i e l d  and the   rad ia l   d i rec t ion .  Also 
i n   t he  wind  frame there  i s  a betatron  deceleration. From the  viewpoint 
of a reference  point moving with  the wind, there  is  a f i n i t e   c u r l  E 
because  of  the  expansion  of  the  surrounding  plasma. Hence each  gyro- 
period  the  particle  loses  energy  because aB'/at i s  negative. I t  i s  
found t h a t  

= - p' [V.E - 5 -  B : VV 
3 B2 1 

which is algebraical ly   the  adiabat ic   ra te   together   with a second  term 
dependent on f ie ld   d i rec t ion .  (24)  plus  (25)  together  yield  (23) 
which is  the  adiabatic  rate  purely measured in   t he  movingframe. Thus 
it seems t h a t  (18) represents  average  deceleration  with momentum 
measured in   the  moving frame  and posi t ion  in   e i ther   the  f ixed  or  moving 
frame. The model used i n  the above, third  der ivat ion is more spec i f i c  
than employed in  the  previous two cases,  but  nevertheless  greater  physical 
insight  i s  obtained  into  the  real   si tuation. 

. .  

Adopting  (23) and the  continuity  equation  of  the  f irst  method 
yields   f ie   t ransport   equat ion 

Jokipi i  
0 (V/V) 
form of 

and Parker  (1970) and Webb and Gleeson  (1979) show U = U* + 
so on relabell ing  the momentum p'  by p,   the  familiar momehum 
(22)  is  obtained. 

P 

From the  standpoint  of  this  derivation,  there is  energy loss on  average 
f o r   a l l   p a r t i c l e s   i n   t h e  wind frame  and the  f ixed frame equation  arises 
f i n a l l y   a s  a result   of  the  transformation  of number density.  In  our 
previous  derivation  leading  to ( 2 2 )  w e  kept  the number density  in  the 
fixed frame  where heating  occurred  for  the  average  particle. However 
an energy loss term  appeared and  dominated the  f inal   equation  via  the 
Compton Getting  transformation.  Physically  this may correspond  to  the 
at tempt ,by  the  solar  wind t o  remove pa r t i c l e s  from the  observer  via  the 
outward  convection  process. 

It is  now necessary  for  completeness and to  correspond  to  current 
knowledge t o  add terms t o   t h e  Fokker  Planck  which allow  for  the 
acceleration i n  the   so la r  wind  by  mechanisms related  to   the Fermi 
s t a t i s t i ca l   acce l e ra t ion  of  cosmic rays. The interact ion under 
discussion is t h e   s t a t i s t i c a l  energy  increase when charged p a r t i c l e s  
sca t te r   o f f  waves  moving in   t he  wind frame. As in   the  or iginal  Fermi 
s i t ua t ion ,  a mean acceleration, <AT,, i s  possible,   averaged  over  al l  
head-on and tail-on  coll isions  ana  also a s t a t i s t i c a l ,  energy  diffusion 
term, <AT2>, due to   f luctuat ions  in   the  energy  gain  per   col l is ion 
(Davis,  1956). Hence it is possible  to  write  the  continuity  equation 
i n  energy  space as 
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- + - ( D T U - - D  au a U )  = 0 a 
a t  aT  aT TT 

However, provided  Liouville 's   theorem  holds  for  particle  trajectories 
in   the IMF i n  a fine  grained  sense, Dungey's (1965)  proof fo r   spa t i a l  
d i f fus ion   tha t   the  mean and root mean square  diffusion  coefficients 
can  be r e l a t ed  may be  adopted t o   t h e  energy  case and both  terms  can 
be combined in   the  form  p-2 a/ap  p2 Dpp af/at  for  the  divergence  of 
the  dis t r ibut ion  funct ion  current  (Moussas e t  a1 1982a).  Transformation 
from f (p)   to  U(T) yields DTT = ~ T D T  and 

fo r   t he   s t a t i s t i ca l   acce l e ra t ion  term (Fisk  1976a, Wibberenz  and 
Beuermann, 1972). Hence the Fokker  Planck  with  spherical symmetry i s  
now 

+ - ( z ) - - D  
a DTT U a au 

aT aT TT ar 

4 .  Derivation  of  the  Transport  Coefficients 

The next  step  in  the  description  of modulation  theory is to  
consider  the magnitude  of  the  various  transport  parameters  or  diffusion 
coefficients i n  (29).   In  principle,   these may be  derived from a precise 
knowledge of the  interplanetary  magnetic and e l ec t r i c   f i e ld   va lues  and 
their   f luctuat ion.   In   pract ice ,   there   are  problems  both in  the  theory 
relating  the  local  f ield  values  to  the  transport   parameters  because 
the  f luctuat ions  are  so large and also  because  the  spatial dependence 
of  these  fluctuations is incompletely known for  the whole solar   cavi ty .  

The lowest  order  approximation t o   p a r t i c l e  motion in   interplanetary 
space a t   r i g i d i t i e s   f o r  which p << r (cyclotron  radius small compared 
with  scale  of medium) is that   the   guiding  centres   fol low  the  f ie ld   l ines .  
Diffusion  paral le l   to  is then  caused by sudden or  progressive change i n  
the  par t ic le   pi tch  angle  8 r e s u l t i n g   i n  motion past  8 = 90". A l l  
ana ly t ica l   theor ies   for   the   para l le l  mean free  path,  A , , ,  s t a r t  from the 
idea  of  Doppler-shifted  gyroresonance. Near r e l a t iv i s t i c   pa r t i c l e s   s ee  
an essent ia l ly   s ta t ionary   d i s t r ibu t ion   of  waves of  different  frequencies 
but  they  interact  preferentially  with  those whose wavelengths X, match 
the  spatial   distance  over which the   par t ic les  makeme gyroperiod. Thus 
the  resonance  condition is k = 2.rr/Aw = ub/vII. The derivation of  the 
diffusion  coefficient  given by Jokipii  (1966,  1967),  Roeloff  (1966) and 
Hasselmann  and  Wibberenz (1968) is  bes t   i l l u s t r a t ed   i n  a simple way by 
following  the Kennel  and Petschek  (1966)  formulation  given  in  the 
context  of  magnetospheric  particle  scattering. 

Now tan 8 = vL/v,, for vl. and v,  as  the  perpendicular and 
p a r a l l e l  components of   par t ic le   veloci ty .  Assume a small  perturbation 
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A8 from 
plus 

Work i n  

the   near ly   he l ica l   t ra jec tory  around a f ie ld   consis t ing  of  
perturbation b(2) due t o  a transverse wave.  Hence 

the  reference frame  of the wave so t ha t   t he re  is  no change i n  
t o t a l  energy  of  the  particle.   In  fact  w e  assume the wave t o  be 
stationary  during  the  wave-particle  interaction.  Differentiating 
v2 = v ~ 2  + vIl2 = const.  allows  us  to  find from ( 3 0 )  , A8 : - A v , , / v ~ .  
NOW if Av,, i s  due to   the  wave and particle  being  in  resonance  for a 
time A t  

o r  A8 = wb b/B A t .  In   pract ice ,  no p a r t i c l e  i s  exactly  in  phase  with 
the wave and therace  of  change of r e l a t ive  phase is 

- =  dlg kv,, - w 
d t  b 

for  wave  number k.  Adopt the  simple  cri terion  that   in  the  resonance 
t i m ?  A t  the wave is within t Ak/2 of  resonance and the phase  difference 
Alp < 1 radian. Then 

I f  w e  i n t e rp re t  A, ,  a s  being  the  distance  in which N separate wave- 
particle  interactions  bring  about a to ta l   p i tch   angle  change  of one 
radian, & <A8> : 1 and <v,,> N AT = A,,  i n  time A T .  The s p a t i a l  wave 
number k i s  r e l a t ed   t o  a stationary  spacecraft  observation  of waves 
convected  past by a t  frequency v by k = 2 ~ v / V .  I f  b2/Av = P ( v )  is 
the power spectrum  of  the  transverse waves i n   i n t e r v a l  Ak, (31) 
f i n a l l y  becomes 

-3 

. A,, = V B k  1 
411 P ( V )  ,2 ( 3 3 )  

where A , ,  corresponds  to a p a r t i c l e  magnetic r i g i d i t y  R = V B / ~ T V  v/<v,,>. 

Above we have assumed t h a t  a Fokker-Planck equation  correctly 
, &scribed  paral le l   d i f fusion.  A mre   r igorous  approach i s  to   der ive 
the Fokker-Planck  from the  Liouville  equation.  This  desirable aim 
faces  problems  in  the  approximation  involved,  but  nevertheless we 

..- outl ine  the  t reatment ,   fol lowing  Jokipi i ' s  1971 review  version.  Start 
* with  the wind frame Liouville  equation,  neglecting  additional, 

f l uc tua t ing   e l ec t r i c   f i e lds ,  so that  the  Lorentz  force is  

For a d i s t r ibu t ion   func t ion   f (g ,p , t ) ,  

Let  the  fluctuations  in f and Bbe  represented by f = < f >  + 6 t  and 
- B = <B> - + 6B and taken an  ensemble  average, 
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Subtract  (35) from (34) 

This may be  integrated  along a pa r t i c l e   t r a j ec to ry  U ( t ' )  from the 
in i t ia l   condi t ions  f (p r t ) to  p, g, t. 

Q ' Q '  0 

a ( 6 f )  6f (p,r,t) = 6f (%,%,to) +e.- 
a g  

A t  th i s   s tage ,   the  terms 6B 6f are   usual ly   ignored  in   re la t ion  to  6E < f > .  
The quasi-linear  approximation is  then  invoked.  This assumes tha t   t he  
par t ic les   fol low  hel ical   t ra jectors   a long  the mean f i e l d  and that any 
s e r i e s  expansion  involved  in  evaluating  the  integral  can be rapidly 
terminated. Klimas and Saudri   (1971) ,   s ta te   that   the   basic   point  
concerning  the  second  assumption l i e s   i n   t ha t   t he   pa r t i c l e   gy ro rad ius  - 
must  be much greater  than  the  typical  length  over which t h e   f i e l d  
fluctuations  are  correlated.  Hall and Sturrock  (1967) show t h a t  ( 3 7 )  
can  be reduced to   the  Fokker Planck  incorporating  pitch  angle and 
perpendicular   dif fusion  with  coeff ic ients   reducible   to   Jokipi i ' s  
quasi-l inear  result   (Jokipii   1966).  These authors  also compute 
diffusion  in  energy  space. The neglect  of some terms i n  6E may be 
un jus t i f i ed   i f  6B Q, <B>/2 and as we sha l l  mention l a t e r ,   t he  approximation 
o f   he l i ca l   t r a j ec to r i e s  is  a r t i f i c i a l   a t   l a r g e  8 and again may f a i l  
for  6B suf f ic ien t ly   l a rge .  

The Fokker Planck  derivable from quasi-linear  theory  in Cosine 
pitch  angle  space  (cos 8 = u )  and in   the x and  y spatial   coordinates 
for  <B> - p a r a l l e l   t o   t h e  z axis i s  

<(Ax)>/At and <(Ay) > / A t  express  perpendicular  diffusion,  but a t  the 
moment we are  concerned  with paral le l   d i f fusion.   Jokipi i  (1966) 
obtained 

2 2 
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for  m = ym , wo = e<B>/mc and P, = 6/vn as  the power i n  one 
perpendicuyar component of the   f ie ld   f luc tua t ion  when v runs from 
-0) t o  +a. 

From (34) K,, i s  derived by considering  the  relaxation  of a 
near  isotropic  pitch  angle  distribution  according  to (38) ( Jokip i i  
1966, HasselmaM  and  Wibberenz 1970, Earl 1974) .  It  is found t h a t  

V 
2 1 ll, (1-pZ) 

K,, = - / [ I <(Au) '>  du 1 u 'du'  
-1 0 A t  

K,, may be estimated  experimentally  (see Palmer 1982 f o r  a 
recent  review) from the  t ime  of  arrival and shape of t he   a r r iva l  
prof i le   of   solar   protons,   re leased  in  a 'prompt'  event and propagating 
past  the  Earth and other  spacecraft   posit ions.  These observations 
a r e  compared with Fokker  Planck solutions employing a range  of  transport 
parameters. Many s tudies  (Wibberenz e t   a 1  1970, Quenby and Sear 1971, 
Zwickl  and Webber 1978, e tc . )   f ind  A , ,  2 0.05 AU a t  2 1 GV while  use 
of (39) ,  (40) and experimental  values  of P, y ie ld  X , ,  2 0.01 AU a t  
t hese   r i g id i t i e s .  Furthermore,  solution  of  the  steady  state  modulation 
equation  in  conjunction  with measured interplanetary  gradients  in  the 
cosmic ray intensi ty   a lso  suggest  X ,, 9 0.1 AU (e.  g. Lezniak  and 
Webber 1973). A possible  solution  for  this  discrepancy between quasi- 
l inear   theory and experiment lies in  the  addition of the  focussing 
term V 2  1/B aB/az (1-p2) a f / a u  i n  (38) due to  the  divergence  of  the 
interplanetary  f ield  l ines  (Roelof 1969). However, Earl 1981 finds 
t h a t   i f  X,,/L 2 0 .1  where L i s  the  scale  of the   f ie ld   var ia t ioh  ( 1 AU 
fornear  earth  observations)  diffusion  rather  than  adiabatic  focussed 
propagation  dominates.  This  conclusion is confirmed by the  computations 
of Kota e t  a1 (1982) who  show t h a t  Fokker Planck  equation  solutions 
without a focussing  term  remain  valid  for  the  expected  range  of X,, 
values. Palmer (1982) and Quenby (1982) conclude tha t   sca t te r - f ree  
so l a r   pa r t i c l e   even t s   a t  low energies  represent  only a small  sub-set  of 
t h e   t o t a l i t y  of  events and hence the above experimental-theoretical 
discrepancy must  be taken  seriously. 

Jok ip i i  (1968), E a r l  (1974) and Earl and Bieber (1977) draw 
at tent ion  to   the  lack of s c a t t e r i n g   a t  0 +- 90' according  to  quasi- 
l inear  theory  because  there  are  very few high  frequency waves for   the 
particles  to  resonate  with  at   these  pitch  angles.   This  apparent  cause 
for   pers is tent   anisotropies   in   the  solar   proton  f lux  a t  low 0 does  not 
take  into  account  the breakdown of quasi- l inear   theory  a t  0 = 90'. In 
fact  the  propagator U ( t  I )  i n  (37) cannot  represent a he l ica l   t ra jec tory .  
I f  it could,   par t ic les  would s p i r a l  a long  time a t   t h e  same 1-1 value, 
meeting no  waves i n  gyroresonance.  In  practice,  particles must  meet 
changes i n  IgI which w i l l  cause  mirroring  according  to  the  preservation 
of the   f i rs t   adiabat ic   invariant ,   as   pointed  out  by Quenby e t   a 1  (1970). 

Jokipii  11974) argues  that  quasi-linear  theory can  be  used i f  
the  value  of u taken i s  that   wi th  respect   to   the  total  magnetic f i e l d ,  
average  plus  deviation. H i s  formulation depends on the   pa r t i c l e  making 
many gyrations  before becoming s ignif icant ly   dis turbed,  which may not 
be t rue   i n   r ea l i t y .   Jok ip i i  and Jones (1975) identify  the problem t h a t  
the  difference p - u ~ / p A  where p i s  actual  cosine  pitch  angle and uA 
refers  to  the  angle  with  respect  to  the  average  f ield may become 
a rb i t r a r i l y   l a rge   a s  u +- 0 ,  due to   the   l a rge   f in i te   ro ta t ions   o f   the  
Alfvdnic  fluctuations and discontinuities  encountered  in  the IMF. 
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A number of   a t tempts   to   represent   actual   t ra jector ies   near  
90° have appeared in   the   l i t e ra ture .   Phys ica l ly   they  a l l  seem t o  
reduce to  taking  into  account  mirroring  in change 6 /E f (2). 

Hathematically  they are attempts  to improve our knowiedge of   the 
operator U (t,-c) i n  

which can  be  obtained by substi tution  of  (37)  into  (35;.  VBlk (1973) 
uses a U ( t , T )  which propagates 6B(z) in   the   au tocorre la t ion   o f   the  
f i e l d  aloncJ a s t a t i s t i c a l l y   s c a t t e r e d  set  of o r b i t s .  H e  uses a s l ab  
model, t h a t  i s  t o  say .SB is  only a function  of z (along < B > ) .  Vdlk 
i s  more confident   in  a gimp$e heuristic  procedure which f i l l s   i n   t h e  
region -p* S l~ ,< p* = < 6 B 2 > ? / Z  <B> with  the  constant  value D$t(u=u*Y 
where D f t  i s  the  quasi-lynear  diffusion  coefficient.  The idea  here i s  
that   the   region around 11 = 0 is  rather   uniformly  f i l led by t r a j e c t o r i e s  
suffering  large  scale  scatterings.   Figure 6 shows the form of D 
adopted by Vdlk. uu 

J 

Jones e t  a1  (1973)  take a par t ia l ly   averaged  f ie ld   t ra jectory.  
That i s ,  t h e   f i e l d  is  t h a t  which r e s u l t s  from averaging  over a l l  
members o f   t h e   s t a t i s t i c a l  ensemble with  the same value 6 B ( z )  a t   t h e  
f i e l d   p o i n t  z .  It  is assumed t h a t  Gaussian s t a t i s t i c s   ho id  and 

where C is the  normalised  correlation  tensor  for  the  fluctuating  magnetic 
f i e l d .  The o r b i t  i s  solved from the  Lorentz  equation and a s t a t i s t i c a l  
average i s  made over a l l  t he   d i s t r ibu t ion  of 6B(z )  values.   If   the 
turbulence is  3-dimensional,  numerical  integration  of  the motion i s '  
necessary. One resu l t   o f   th i s   ca lcu la t ion  i y  a pronounced  peak i n  Du,, 
a t  l~ = 0 with a width  roughly  equal t o  <6B2>Z/<B>. Fisk e t  a1 (1974) 
a lso  obtain a &-function a t  90" in   t he   s ca t t e r ing  which they  ascribe 
t o  a resonance  with a magnetosonic mode connected  with  mirroring. 

Goldstein (1976) i n  an  approach similar to   t ha t   o f  Vdlk included 
an  extra term inApL  in   the  expression  for  DuP which is  again  connected 
with  mirroring. I t  leads t o  important  differences  in  predictions from 
those  of  the  slab model and in   the   sca l ing   for   d i f fe ren t   va lues   o f  
<6B>/<B> andthe  correlat ion  1ength:gyroradius   ra t io   for   gaussian 
correlat ion  real isat ion  of   f ie ld   f luctuat ions.   In  a more recent work, 
Goldstein (998.0') realises t h a t  a l l  of the above corrections  to  quasi-  - 
l inear  theory  increase  the  pitch-angle  scattering  near 90° and  hence 
decrease  the  value  of K,, , contrary  to  what seems t o  be  necessary from 
observation. H i s  solution t o  the dilemma is based  on  the  experimental 
evidence t h a t  most IMF turbulence, i s  Alfvenic,  preserving  field magnitude 
For t h i s  mode of turbulence,   particle-propagation  tends  essentially t o  
zero  at  p = 0 according t o  Kilnas e t  a1 (1977). Goldseein thenuses  the 

few percent (- 6%) par t  of the   f luc tua t ing   f ie ld  due t o  J B  changes i n  
conjunction  with  the work  of K i l m a s  and Sandri (1973) on d e  Landau 
resonance  (compressive mode o r  mirror   effect)  a t  ,u = 0 to  findh1tY0.3 Au, 
independent  of r i g id i ty .  

In  the  context  of  Goldstein's a.930 ) work it i s  in t e re s t ing   t o  
note   tha t  Webb and Quenby (1974)  have  tackled  the problem of   the 
sca t te r ing  due to  Alfvenic  discontinuities  preserving /El by a numerical 
technique. Both they and Hudson a974 ) demonstrate  that   particles  are 
re f lec ted  by  such a rotat ional   discont inui ty ,   the   ref lect ion  coeff ic ient  
for   par t ic le   f lux.   being Q 0.065 fo r  an  angular change i n  of 4 5 O  across 
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the   interface.   This   ref lect ion  coeff ic ient   appl ies   to  a range of 
par t ic le   cyc lo t ron   rad i i  large compared with  the scale s i z e  of t he  
discontinuity change but small compared Tiith the  inter-discontinuity 
distance. Resonance sca t te r ing  by a t r a i n  of d i scont inui t ies  i s  a l so  
investigated by Webb and Quenby whose final  conclusions are 
q u a l t i t a t i v e l y   i n  agreement with  those of Goldstein (1979).  The 
former  authors  find  that  the mean free  path when the  cyclotron  radius 
i s  equal to   the  inter-discont inui ty   dis t rance is  a t  least one order 
of magnitude larger  than  that   given by an application of quasi-linear 
theory  to  this  'wavelenth'  scale. 

Attention  has  r ightly been given  to   the  re la t ionship between 
scattering  theory and the  expected and actual form an6 r ad ia l  dependence 
of  the IME' fluctuations.   Morfii l  (1975) has  provided  general  expressions 
based upon quasi-linear  theory, which can  take  into  account  an  arbitrary 
d i s t r ibu t ion   o f  k vectors  of  Alfven waves with  respect   to   the mean 
IMF direction.  Following  this,  Morfill e t  a1 (1976)  consider two 
extreme cases; one with k 1 1  wQich r e s u l t s  from ;WKE wave propagation 
theory and the   o ther  witg k_ 1 <B> , which tends  to  be  supported by 
observation  (Section 2 ) .  These-authors adopt  the Vdlk (1973) correction 
to  quasi-l inear  theory and also  take  into  account medium sca le  
f iuctuat ions  in   the IbP direction.  This l a s t  a r i s e s  because  the  actual 
path  along  the wavy f i e l d   l i n e s  i s  longer  than  that  following  the 
idea l i sed   sp i ra l .  For the  radial. dependence of  the waves, the work 
of Vdlk and Alpers (1973) was employed. K,, t u rns   ou t   t o  be  roughly 
independent  of r a t  la rge  r although  there i s  a minimum a t  r Q 0 . 2  AU. 
However t o   f i t  w i t h   s p h e r i c a l l y   s y e t r i c  modulation  tkeory and p a r t i c l e  
gradient  data it i s  found t h a t  k_ 1 1  r rather   than k 1 1  B i s  required. 
Skadron and Hollweg (1976 ) used  wKBplus  quasi-lizear  theory  to  demonstrate 
a small decrease  in K r r  from 0 . 1  t o  1 AU. However to   ob ta in   the   near  r 
independence  of Kfr; a t  r >> 1 AU as  suggested by t h e   s o l a r   p a r t i c l e  
analysis  of Hamilton (1977) and Zwickl  and Webber (1977) they  require 
the Alfven wave vec tors   to  be sca t te red  by plasma density  f luctuations.  
Otherwise  the  tendency  for  the waves to  propagate  radially  renders them 
inef fec t ivea tpar t ic le   sca t te r ing   because  waves a t  a given  frequency 
resonate  with  higher  energy  particles due to   t h?   e f f ec t  of  projection 
of the  dis turbance  prof i le  on to   the  incl ined <B> direct ion  (Morf i l l  
1975).  Differences  in  the  basic  diffusion.$qefficients employed 
may account  for..the--differing  conclusions of Morfil l  e t  a1 and Skadron 
e t  a l .  

Rickter (19a) and the  numerical Fokker-Planck integration  of 
Cecchini e t  a1 (1980) i n  conjunction  with  solar  particle  data  both 
support a d i f fus ion   coef f ic ien t  dependence Kr, = r-2 near  the  sun  but 
nearly  independent  of r f o r  r >> I. AU. WK.B theory which predic t s  
<6BL2> OL r-3 seems consistent  with the Thomas and  Smith  (1980b) 
analysis  but  does  not  give  the  observed  l ining up of 5 and E. I n   t h i s  
l as t  respect,   the work of Skattionand Hollweg on wave sca t t e r ing  may help. 

Analysis  of cosmic ray  density  gradient  data by Hsiehand 

We see there are problems both  with a su i tab le   ana ly t ica l  
theory  for K,, and in   predict ing  the wave evolution  with  distance. An 
a l t e rna t ive  approach lies in   bui lding upon the  numerical work 
pioneered by Jones e t  a1 (1973) .  These workers found Dpp by numerically 
in t eg ra t ing   pa r t i c l e   t r a j ec to r i e s   i n  a f i e l d  rrsdel i n  which space is  
divided  into  layers  perpendicular tc the mean f ie ld   d i rec t ion   wi th   the  
field  in  each  layer  given by the mean plus a transverse  perturbation 
value. The series of  perturbations were defined em;?loying  an exponential 
correlation  function.  Results on  an i so t rop ic   pa r t i c l e   i n j ec t ion  
d i s t r ibu t ion   a r e   p lo t t ed   i n  p-space. A s teady  s ta te  is s e t  up with 
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par t i c l e s   i n j ec t ed   a t  one pitch  angle and removed  from the model a t  
two other  pitch  angles,   located one e i the r   s ide  of  the  injection 
point. Dpp i s  inversely  proportional  to  the  slope  of  the  steady 
s ta te   d i s t r ibu t ion .  Kaiser (1975)  and Gombosi and Owens (397.9) 
extended t h i s  work including a range  of  values  for <(6B-)2>2/<E> 

Moussas e t  a1 (1975 and 1978)  modified  the  Jones e t  a1 method 
by defining  pitch  angle  with  respect  to  the  local  rather  than  the 
mean f i e l d   t o  be more i n  accord  with  experimental  data on pi tch  angle  
d i s t r ibu t ions  of so lar   par t ic les .   Fur themre   these   au thors  used 
spacecraft magnetometer data   to   def ine  the  f ie ld   per turbat ions  in  
each  layer and generalised  the method to  include  longitudinal  as  well 
as transverse  perturbations. Although the model cannot  necessarily 
reproduce  the  f ield  variation a particle  seen  going down a magnetic 
f lux tube - a universal   defect   of   a l l   theories  mentioned - nor  the 
variation  of BE with  posit ion  in a direction  perpendicular  to <E>, 
it does  deal  with  f inite and discontinuous  field  changes.  Analytical 
theory  clearly  has  difficulty  with.such  f ield  variations  because  of 
its perturbation  expansion  approaeh ':...Any, special  geometry in   the   d i s -  

bribution of k vectors o r  mode of polarisation  in  the IMF'waves i s  
automaticallytaken  care of in   the model, ..provided  representative  data 
a t   d i f f e ren t   r ad ia l . d i s t ances  i s  used. Thus the  Goldstein  et   a1 (1981) 
suggestion  that   the  f ield and par t ic le   hel ie i ty   are   in   ant i -phase t o  
that  required by gyro-resonance i s  incorporated by v i r tue  of the way 
the  f ie ld   data  i s  employed. 

that when a f ie ld   def ined by the  exponential  correlation  function 
with small transverse  f luctuations  alone is used,  quasi-linear  theory 
holds  as p -f 1 but  breaks down as p -+ 0. The generalised  resonance 
broadening  theory  of  Goldstein  (1976) i s  par t icu lar ly   successfu l   in  
sca l ing   resu l t s  a t  = 0. A s  the   ra t io  <6B>/<B> -+ 1, there i s  some 
conflict   in  the  conclusions.  Moussas e t   a i  19'75 ( see   resu l t s   c i ted  by 
Forman 1975)  find D,,,, exceeds  the  quasi-linear  value a t   l a r g e  p by a 
factor  J 2 .  Kaiser e t  a1  (1978)  appear to   indicate   s imilar   large 
discrepancies  although  since D,,,, was only computed close  to  1-1 = 0,  
it is  d i f f i c u l t   t o  be sure. Gombosi and Owen (1979)  found  agreement 
a t  these  large  f ield  deviations  within 20% when K,, was deduced  from 
the  numerical and quasi-linear  theoretical  formulations. 

A common conclusion  of a l l  the  numerical  investigations is 

Moussas e t   a 1  1982b used d a t a   a t  1 and 5 AU and did  computations 
a t  d i f fe ren t   energ ies   to   f ind  Kt,. according  to   real   f ie ld  magnetometer 
data.  They found t h a t  between 1 and 100 MeV, X, ,  = 0.03, roughly 
independent  of  energy.  Also Xrr 0.01 AU, roughly  independent  of 
distance,  provided  perpendicular  diffusion  obtained by similar numerical 
methods is incorporated. The quasi-linear 1 AU prediction  for X , ,  is 
nearly a f ac to r  3 lower  than  the  numerical  value.  These  authors  conclude 
that  al though employment of  trajectory  computations  in a model derived 
from rea l   f i e ld   da t a  has gone  some  way to  removing the  theory-experiment 
discrepancies  in'X,,,  a reasonable f i t  between the two s t i l l  requires 

a r-2 a t  r < 1 AU as suggested by Cecchini e t   a1  (1980) .  

Final ly  we remark that  our  discussions so f a r  have been  confined 
to   the  regime R 2 1 GV. Jokipi i  (1967)  has  provided one of  the few 
theoret ical   t reatments   a t   h igher   r igidi t ies  where numerical work and 
detailed  experimental  checks  are  both  harder  to  perform. 
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4 .2  Perpendicular  Diffusion ....................... 
Par t i c l e s  may  move perpendicular  to  the mean Archimedes IMF 

l i n e s  due to   resonant   sca t te r ing ,   f ie ld   l ine  wandering and small 
scale f luctuat ions  in   the  gradient  and curvature,  apart from the 
large  scale  and non-diffusive dr i f t   p rocesses .   Jokip i i  (1966) 
employed the same quasi- l inear   theory  as   that  used for  pitch  angle 
scat ter ing  to   f ind 

f o r  <B> 1 )  z .  The second term expresses a resonance sca t t e r ing  
between longitudinal waves  and the  c i rculat ing  par t ic le  motion. As 
elaborated by Jokipi i  and Parker  (1969)  the f i r s t  term i s  s imilar   to  
that   obtained  for   the  ra te   of   separat ion  of   f lux  tubes  in   the 
expanding turbulent  solar wind and is therefore   ident i f ied  as   diffusion 
due to   the  random walk of  these  f lux  tubes.   This  f irst  term  depends 
on the power in  transverse waves a t  zero  frequency  and  dominates 

over  the  second. A re-evaluation  of i t s  magnitude by  Forman e t  a1 
(1974) yields  K, e 4 x 1020 B cm2 s-l. The second o r  gyro-resonance 
term corresponds  to  the K, values on the  diagonal  elements  of  the 
diffusion  tensor (11) i n   r e l a t ion   t o  K,, ,  b u t   i f   f i e l d   l i n e  wandering 
i s  included,  these  diagonal  elements have t o  be amended. 

Moussas e t  a1 1982c  have performed  numerical  experiments on 
K, i n  a manner s imilar   to   that   descr ibed  in  4.1,  bu t   spec i f ica l ly  
exclude  the  effects   of   f ie ld   l ine wandering. They f ind K, = 8.1020 

- cm2 s-l a t  100 MeV and K, = 2 cm2 s-1 a t  0 .1  MeV rather   s imilar  
i n  magnitude to   the  Forman e t   a1   va lue .  Because the  cyclotron  effect  
1s smal9, tkese'authors deduce t h a t  random fluctuations  in  small   scale 
IM? gradients and curvature  cause random d r i f t s  which  add t o  give a 
K r  contribution  roughly  equal  to  that of wandering field  l ines. .  

A review of the accumulated  experimental  evidence on perpendicular 
diffusion may be  found i n  Palmer (1982).  Important  lines of evidence 
are  the  longitudinal  spreading  of  the  electron  stream  originating from 
Jupi te r ,   the  measured yisalignment between the  streaming  anisotropy 
i n  a proton  event and  and the  long-term  preservation  of  the  longitudinal 
prof i les   of '   corotat ing  par t ic le   events .  Palmer finds K,' = 1021 6 cm2 s-1 , 
in  reasonable  agreement  with  the above theoretical   estimates.  As pointed 
out by  Moussas e t  a1 (1982~1,  such  values  of KLr mean that  perpendicular 
diffusion  dominates  the  total  diffusion  coefficient  in  the  radial 
direct ion,  Krr = K,, cos2 IJJ -k K, sin2 IJJ , at   large  radial   d is tances  (>" 5 A U ) .  

Until  recently,  the  antisymmetric  part  of  the  diffusion  tensor 
(11) has  been  neglected  in  the  solution  of  the Fokker-Planck equation 
(20)  o r  ( 2 2 ) .  This w a s  because it was argued that  the  associated 
streaming depended upon the  sign  of and in   the  solar   equator ia l  
regions it was c lear   tha t   sec tor   s t ruc ture   reversa ls  would tend  to 
cancel  large  scale  effects due t o   t h i s  term. However the  recognition 
that   the   secotr   s t ructure  seems to  disappear above 15'-30' so la r  
l a t i t ude  means that  streaming  perpendicular  to  the  equatorial  plane can 
be important .   Jokipi i   e t   a1 (1977)  following Levy (1975) and F i s k  (1976) 
consider an additional  divergence added t o   t h e   l e f t  hand side of  the 
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Fokker-Planck  (20) 

where <v > is t h e   i t h  component of d r i f t   ve loc i ty  due to   t he  
anisotropic part   of (11) with K? =-KA i D  Taking the  divergence 
immediately shows l j   j i '  

because  a/ax.  <v > = 0. This l as t  statement  arises from Liouvi l le ' s  
theorem whick imbfies  that  a magnetic f ie ld   with a uniform p a r t i c l e  
dis t r ibut ion  cannot   create  an  anisotropy.  (43) i s  equivalent  to  the 
standard  drif't  formula  obtained by averqing  s ingle   par t ic le  motion 
over  pitch  angle  in  the  guiding  centre  approximation  as  given  for 
example by Rossi and Olbert  (1970) 

where the   r igh t  hand side  terms  of (44)  represent  respectively  the 
famil iar   f ie ld   gradient  and curvature  drifts .   (45) depends  on a 
component of   cur l  B para l le l   to   the   f ie ld .   S ince   thereAis  such a 
component of   cur l   in   the I", d r i f t  motion p a r a l l e l   t o  g is also 
important.  Illustrative  computations by Jok ip i i   e t   a1  (1977) show 
t h a t  I <vD> I 1 1O8=m s-l a t  a r i g i d i t y  P GV in   the  0 -t 60' solar  
l a t i t u d e  kange  and  between 1 AU and 3 AU. These same authors  provide 
an expression  for  the  drift   along a neutral  sheet. 

Because the   d r i f t   ve loc i ty  may exceed the  solar  wind velocity 
and thus become a dominating  term i n  the Fokker-Planck, it is important 
t o  know whether this  guiding  centre approach i s  va l id   in   the   rea l ,   ra ther  
turbuZent IMF. Isenberg and Jokipi i  (1979) present a quasi-linear  theory 
based  demonstration i n  the weak scat ter ing limit that  the  guiding 
centre  equations (44)  and (45)  apply,  irrespective  of  the  ratio  of 
gyro-radius rc t o  magnetic f luctuat ion  scale   s ize ,  L. They argue  that  
t h i s  is possible even  though guiding  centre  theory demands rc << L 
because on the one  hand, in  guiding  centre  theory,  each  particle  follows 
a near ly   he l ica l   o rb i t .  On the  other hand, in   the   f luc tua t ing   f ie ld ,  
each par t ic le   fol lows a short   section of a he l ix ,   bu t   a f te r  a perturbation 
another  particle  takes  over and follows  the  next  section'of  the  orbit. 
In  t h i s  way, there i s  always some particle  following a pa r t i cu la r ,  
near ly   he l ica l   o rb i t .  Lee and F i s k  (1981) c r i t i c i s e   t h i s   quas i - l i nea r  
approach  and  put  forward  the example of a twisted IMF field  configuration, 
perhaps related  to   solar   convect ive  cel ls ,  i n  which (43)  does  not  hold. 
Recent  numerical invest igat ions  of   dr i f t  by  Moussas e t  a1  (1982~)  using 
a f i e l d  model derived from IMF data showed that  guiding  centre  theory 
co r rec t ly   p red ic t s   d r i f t  a t  100 MeV i f   the   ac tua l ,  measured values  of 
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the  local  gradient and curvature  are  used. The numerical  experiment 
was done with  data  taken a t  5 AU and only   f ie ld   f luc tua t ions   in   the  
plane  containing  the  sun-spacecraft  line and corotation  vector were 
retained. It  was the  local   curvature ,   ra ther   than  the Archimedean 
pat tern which  dominated the  drift   term,  but  nevertheless,   these 
resu l t s   g ive   g rea t  encouragement to  the  use  of  the  guiding  centre 
expression  in  the IMF s i tua t ion .  

In   th i s   sec t ion  we concentrate on the  diffusion  coefficient 
i n  energy  space which applies  generally,  throughout  interplanetary 
space.  Special  acceleration  processes which may be associated  with 
interplanetary  shocks  (e.g. Van Allen and Ness,  1967, Armstrong e t  
a1 1977). are   real ly   re levant   only  in   the  context   of   solar   proton 
propagation and the  production  of  spikes  in  corotating  stream  events 
and we shall  neglect  these  processes from the  viewpoint of modulation 
theory. 

Since  the  original work  by Fermi (1949) on cosmic ray  acceleration 
i n   t h e   i n t e r s t e l l a r  medium which was formulated i n  terms of the 
co l l i s ion  of a charged par t ic le   with an  approaching  magnetised  cloud, 
s ta t i s t ica l   acce le ra t ion   has  been widely  considered  (Davis,  1956; 
Sturroclc,  1966; Jok ip i i ,  1971b; Wibberenz  and Beuermann, 1971; 
Tverskoi,  1967;  Kulsrua and Ferrai ,  1971; F i s k ,  197633; Hall and 
Sturrock,  1967; Lee and F i s k ,  1980; and Achterberg,  1981).  Tverskoi's 
work i n  1967 concerned the  acceleration  possible  in  the  solar wind 
when Alfvdn turbulence is excited. He distinguished between the  adiabatic 
sca t te r ing   of   par t ic les  by long  wavelength  fluctuations  in  the  magnetic 
f i e l d  which he  termed  'Fermi Acceleration' and the  cyclotron  resonance 
scat ter ing which occurs when the  s ize  of the  cyclotron  radiusis of  the  order of 
sca le   s ize  of the  f luctuation. H i s  r e su l t s   fo r  a s i t ua t ion  where the 
spectrum  of &- vectors  for  the waves varied  as k'2 yielded a d i s t r ibu t ion  
of  energetic  particles which was an  exponential  function  of  energy  in 
the  asymptotic form. Jokipi i  (1971) a lso examined cyclotron  resonance 
scat ter ing and calculated what he termed as  the  'Fermi'  acceleration. 
Hasselmann  and  Wibberenz (1968)  provided a mre  r igorous,   quasi- l inear  
theoretical  treatment  of  the  cyclotron  resonance  effect. F i s k  (1976a) 
investigated  the  requirements  of  this  process,  based upon DTT VA2 T2/K,, 
where V = Alfv6n  speed. 

A 

To explain  the  observed  factor  of 10  increase  in   the  corotat ing 
event  proton  intensity between 1 AU and 3 AU (Van Hollebeke e t  a l l  1978) 
it was found t h a t  a value  of D - 1 .4  x T3I2 MeV2 s-l was required, 
implying K,, c: 1.8 x 1019 cm2 sTT or x,, % 3 x AU. This small value 

' of A , ,  is clear ly  an order  of magnitude less   than any other  estimate, 
based upon so lar   p ro ton   prof i le   o r  magnetic field  turbulence  data.  
Fisk (1976b)  performed a detailed,   quasi-l inear computation  of  the  long 
wavelength, 6 e f f e c t  on par t ic le   energies  which he termed ' t r a n s i t  
time damping'  and obtained a more sa t i s fac tory   acce le ra t ion   ra te .  

We shal l   d is t inguish now more formally  the two types  of 
acceleration  discussed above and provide an approximate  treatment of 
both accelerat ion  coeff ic ients .  The general  resonance  condition  for a 
wave-particle  interaction when the wave is a weak perturbation  to a 
uniform, s t a t i c   f i e l d  is  

k,, v,, - w + n w = 0 b 
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where t h e   f i r s t  term  represents  the  spatial  variation  of  the wave phase 
as   the  par t ic le   runs  a long  the  f ie ld ,   the  second  term  represents  the 
phase  change  with wave angular  frequency w and the  third term  represents 
the  cyclotron  rotat ion  of   the  par t ic le   with n as  an integer.  The main 
cyclotron  resonance  occurs  with n = 1 and w small compared with  the 
other terms. The change i n  energy may be computed  by considering a 
p a r t i c l e  moving a t  an angle $ to   the  wave motion  with t o t a l  energy E = 
y % c2 , velocity @ = v/c  and wave velocity B=VA/c. Interactions  with 
a se r ies   o f  waves takes  place so that   resonant  pitch  angle  scattering 
changes the  direct ion  of   the  par t ic le  from cos a to  cos a', measured 
in   the moving wave reference  frame.  This  takes  place  over a length A,,.  
From the  relativist ic  transformations  of  energy 3nd  mmentum : 

where * 
becomes 

means  wave frame  and  remembering E* = constant and  p* cos a 
p*  cos a' in   the  moving frame, we f ind 

AE = y2 E [l - 7 + B@ cos 0 (1 - -) - B - 1 (47)  
1 cos a' 2 cos a' 

Y cos a cos a 

In  the  non-relativist ic limit with k 1 1  &, 4 = 45O, a = 45O , a = 135' , 

AE = ~ E V F  VA and with AT = - x 1, , 
v I, 

similar to  the  equation used by F i sk  (1976a)  and others 
e f f e c t  . 

We now turn  to   the  accelerat ion due to   the  lonq 

(48) 

for  the  cyclotron 

wavelength 
magnetosonic mode, termed t r a n s i t   l i n e  damping (F i sk  1976b) o r  small 
amplitude Fermi acceleration  (Achterberg  1981) and we use  elements 
from the  presentation  of  these two authors  in  the  following  physical 
approach. Start  from the  resonance  condition  with n = 0 (Cerenkov 
resonance) in   (46)  , 

Since  for   energet ic   par t ic les  v,, > u  (which is the phase  speed 
of  the wave) and also w = If: uk i s  a reasonable  approximation to   the  
dispers ion  re la t ion i n  the IMF for  the magnetosonic mode, we must  have 
k,, << k o r  k,, << k, and 

Thus the-acceleration  can  only  be due t o  waves propagating a t  
large  angles  to and the  wavelength is also  long compared with  the 
particle  gyroradius . 

I t  is  ins t ruc t ive   to  employ a pair  of  equations (51a  and 5lb) 
documented for  example by Sivakhin  (1965) which we derive  as  follows : 
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Integrate  the 

l a  
r ar 
-- (r Br)  + 

for  z p a r a l l e l   t o  i .  

equation V.B - = 0 in   cyl indrical   coordinates  

aBZ - 1 aB 
az 2 az 

- =  0 o r  Br - - - r -  

Set r equal to  the  gyroradius  of a p a r t i c l e  
moving i n   t h i s   f i e l d  which we take  to  be slowly  converging 
l i n e s ,   i . e .  a compression wave.  The p a r a l l e l  component of 
force is 

dP I, -PI aB o r  - = -  v -  d t  2B L az 

f i e l d  
the  Lorentz 

Varying para l le l   e lec t r ic   f ie lds   a re   neglec ted  on the  grounds 
t h a t  we are   in te res ted   in  hydromagnetic waves where ?-.E = 0. However 
for  dpL/dt,  the  contribution of (cur l  E)  ,, i s  important and E+ directed 
around t h e   p a r t i c l e s '   o r b i t   a t  r = rc, the  gyroradius, i s  given by 
27r rc E/T rc2 = -l/c a B / a t ,  from  which  one finds an e l e c t r i c   f i e l d  
contribution  to  dpL/dt of 

The main contribution  of  magnetic  fluctuations  to [7 vL  a r i ses  from 
( -v,, B ) in  the  cross  product 1 x E, hence r 

For the n = 0 resonance,  equation  49, an immediate consequence  of  (51b) 
is tha t   pL = constant  during  the wave par t ic le   in te rac t ion .  Hence only 
p,,  can  change in   the  res t ' f rame and the   f i r s t   ad iaba t ic   invar ian t  i s  not 
conserved in   t he   r e s t  frame. 

We r e l a t e  wavenumber and gradient by k,, = l / A z ,  1 / B  (aB/az) eSOnance - - 
11 k11/2v where q2 = P(k,,) dk,,, P(k,,) being  the  fractional power a t   t g e  
Cerenkov resonance and d k , ,  the  resonance  width.  According t o   t h e  
approximate  dispersion  relation  (49),   al l   long wavelength waves with 
wave vectors a t  the  correct  angle  given by cos-1  (k,,/k) = 8 contribute 
to   the   sca t te r ing ,  so dk,,  measures the  angular  spread  of  the waves which 
can  resonate. From (Sla) ,   the   accelerat ion  then becomes 

The problem now a r i s e s   a s   t o  what f ract ion of the  observed power i n  6 
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f luc tua t ions   o r   f a s t  mode HM waves is actual ly  moving in   the  correct  
direction. One is tempted t o  assume an isotropic  k vector   dis t r ibut ion 
and write  P(k,,) dk,, = (P(k)/47r) 27r s i n  8 dB dk. Then re la t ing   the  
fluctuation  frequency v as  measured by s a t e l l i t e  magnetometer t o  k v i a  
v = V k/2n, allowing a l l  wave numbers up t o   t h e  resonance  condition  to  take 
par t   in   the   acce le ra t ion  (kmm = 27r/rC) and using A T  = X,,/v,, for  the 
interaction  t ime, we eventually  get  

where P ( v )  = Po v and DTT = v -n 2 

DTT/T = 4 x MeV s-l , ra ther  
Dpp (F isk  1976a) . A t  vI = v,,, we find 
smaller  than the Fisk  (197613) estimate. 

Moussas e t  a1 (1982a)  have  adapted t h e i r  numerical methods t o  
include  the  effect   of  the  varying  interplanetary  electric  f ield.  They 
fo l low  par t ic le   t ra jec tor ies   in  a f i e l d  model derived  both from 
magnetometer data and from E = -V x B where 1 i s  obtained from spacecraft 
p l a sm flow  measurements. The change  of  energy  can be found a t   t h e  end 
of each ' l ayer '  of  magnetic f i e l d .  Following  the method  employed for  
spa t ia l   d i f fus ion ,   par t ic les   a re   in jec ted   in to   the  model a t  one  energy 
and removed a t  boundaries  located a t  a higher and a lower energ!!.  The 
mean d r i f t   i n  energy  space and the  slope  of  the  steady  state  distribution 
function  determined  in  the  numerical  experiment  yield DT and Dm (see 
(28) ) . Because of equations (28) , (29) , these  coeff ic ients   are   re la ted 
by DT = a / a ~  D~~ + D ~ T / ~ T  and 'it is a useful check on the  numerical 
i n t eg ra t ions   t ha t   i n   f ac t   t he  DT and hT values  calculated do obey t h i s  
equation, which is  a consequence  of Liouvi l le ' s  theorem. The f i n a l  
r e s u l t  is t h a t  DTT = 4 x lom6 TI- MeV2 s-l a t  5 AU and perhaps a 
factor  3 t o  4 higher a t  1 AU. 

Taking into  account K,, a: T112 a t  low energies,  equation  (48) 
for  the  theoretical  cyclotron  resonance Fermi acce lera t ion   sa t i s f ies  
DTT = TI. which i s  a power law that f i t s   t h e  computational  result. 
However in   absolute  magnitude,  the  numerically computed DTT is  one o r  two 
orders  of magnitude larger  than any of  the  theoretical  estimates. A 
way around t h i s   d i f f i c u l t y  may be in   the   fac t   tha t   the  Fermi mechanism is 
most e f f ec t ive  when the  scat ter ing is a t   l a rge   p i tch   angles .  From (47) 
one  can show t h a t   i f  $I 'L a % a' Q n/2 , AE J EBB 6a for  a small  Scatter, 
Ba. However, a t  4 % a % a' % O o  , a similar small scat ter ing  yields  
AE EBB 6a2/2. It  may be that   repeated  scat ter ing  a t  a + n/2 i n  one 
relaxation  time AT Q X,,/v,, great ly  enhances  the  acceleration  efficiencies 
over  that  obtained by a simple  averaging  procedure  such  as  led  to  (48). 

Moussas e t   a 1  (1982a) discuss a wide variety  of  experimental 
data which  can  be used in   favour   of   s ta t is t ical   accelerat ion  ra ther  
than shock acceleration  as  the  origin  of  co-rotating  stream  events,  thus 
supporting  the  idea  that  the  acceleration  coefficient is large.  

5.  Approximate Solution  to  the Modulation  Equation 

Various  approximate ways have  been presented  for  the  solution  of 
the  modulation  transport o r  Fokker Planck  equation ( 2 2 ) ,  under  steady 
state  conditions.  The emphasis i s  of ten  to   give  physical   ks ight  into 
the modulation  process. We have already  given one in  the  introductory 
section 1, involving a constant Compton-Getting factor .  Another i s  the 
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'Force-Field'  solution  of Axford and Gleeson  (1968). 

Based on the  experimental   result   that   radial   streaming i s  
small, a version  of ( 2 1 )  wri t ten i n  terms of  the  isotropic  part   of 
the  dis t r ibut ion  funct ion,   fo ,  can be  used : 

(53) 

Note tha t   the   to ta l   d i s t r ibu t ion   func t ion  f ( 5 , ~ )  has  an  anisotropic  part 
f l  'L V/v fo  (cf.  Gleeson  1969)  and t h a t  (53) comes from ( 2 1 )  wri t ten 
in  terms of momentum with U t ransfored  to   fo  and  employing (16) .  

Mathematically,  (53)  states  that  fo is  constant  along l i n e s  
i n  E_, p - space  defined by the  characterist ic  equation 

(53) is also  equivalent  to  the  Liouville  equation  in a conservative 
f ie ld   wi th  a "force"  pVr/3Gr. A group  of par t ic les   en te r ing   the   so la r  
modulation  cavity  follow  contours  of  constant  fo  in  the  r-p  plane and a s  
shown  by Fisk,  Forman and  Axford (1973)  they  suffer  adiabatic  deceleration 
a l l  the time and af ter   reaching a minimum value  of r ,  they  turn around 
and a r e   f i n a l l y  convected  back to   t he  boundary a t  a much reduced energy. 
This  process w i l l  be discussed  in   greater   detai l   in   sect ion 6. We note 
however with  Fisk e t  a 1   t h a t   a t   t h e  minimum r value,  dfo/dp = 0 and 
hence C = 0,  corresponding t o  obverat ions  in   the 30-200 MeV region  that  
c * 0.  

An in te res t ing  and related  solut ion  occurs   i f   the   diffusion 
coef f ic ien t  i s  a separable  function  of r and p ,  i .e.  Krr ( r , p )  = K l ( r )  
K2(p) B .  It is not  obvious from (33)   t ha t   t h i s  i s  necessarily so, but 
in   pract ice   a t   solar   proton  energies ,  K 1  a constant and K2 2 constant. 
L i t t l e  is known about Kl a t  neutron  monitor  energies.  Integration  of 
(54)  yields 

where p, is  the  entry momentum a t  rm. Q(r) is  the  modulation  parameter 
introduced by  GLeeson and Axford  (1968b) . If w e  consider  the  higher 
r ig id i ty  range R 3 0.1 GV where R = pc/ze  and where K2 = R and i s  
conventionally measured in   uni ts   of  magnetic r i g i d i t y ,   t h e   l e f t  hand 
side  of  (55) becomes 

P 

I f  Em = E where E2 = P + M oquni t s   o f  eV2)  , i .e. the modulation is  
smal 1 , 

2 
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Now i n  terms of  energy , conservation  of f and  Liouvcille's  theorem  imply 
0 

where j is mean different ia l   in tensi ty   with  respect   to   energy.  Under 
E the  approximation  leading  to  (56) and (57) ,   the   intensi ty  is therefore 

given by 

This   resul t  is equivalent  to  that   given by E h m e r t  (1960) for   pos i t ive ly  
charged pa r t i c l e s  moving under the  influence of a he l iocent r ic   e lec t r ic  
f i e l d  E ( F , t )  = v/3K1 (rl) without  an  electric  potential  4 (r)  . 

Gleeson and Urch (1973) discuss  the  validity  of  this  force- 
f i e l d  approach i n   r e l a t i o n   t o   t h e   f u l l  numerical  solution  of  the 
modulation  equation and i ts  breakdown, dependent  on the nuclebar species 
involved, in   the  region below about 200 MeV. Notice  that  with 4 i n  
uni ts   of  GV, an estimate of  the  adiabatic  energy loss is provided by 
CP = Z p d  i n  GeV, subject t o   r e s t r i c t i n g   t h i s   r e s u l t   t o   r e l a t i v e l y  high 
energies. Also note  the  relationship  of 4 t o  M i n   ( 3 ) .  For C 2, 0.8 
a s  observed a t  1 GV, M 2, 2.4 4 .  

5.2  Energy Loss by Dr i f t  - Kota Process ................................... 
a It was i n  1965,  following a suggestion by  Dungey, t h a t  Houghton 

(1965) ca l cu la t ed   t he   d r i f t   o f  a solar  proton  under  gradient and 
c u r v a t u r e   d r i f t   i n   t h e  IMF and po in ted   ou t   t ha t   t h i s   d r i f t  w a s  always 
i n  a d i r ec t ion   such   t ha t   pa r t i c l e s   l o s t  energy  against  the E = -v x 
f ie ld ,   i r respec t ive   o f   the   s ign   of  E. Kota (1979)  basically  uses 
this   dr i f t -energy loss e f f e c t  as an  approximation t o  compute the amount 
of  modulation. Kota i s  concerned to  explain  the  solar  modulation  cycle 
by long term changes in   the  la t i tude  extension  of   the  sector   s t ructure  - 
an  idea w e  w i l l  mention later i n  connection  with  the work of   Jokip i i  and 
Thomas (1981) - and it takes its inspirat ion from an ear l ier   paper ,  
ErdUs and  Kota (1979). However the  physical   idea i s  of  most i n t e r e s t  
a t  t h i s   po in t .  Barnden and  Berkobitch (1975)  had the same general  idea. 

Kota (1979) starts by deriving  the  enerqy loss due t o   d r i f t ,  

( z ) ~  = - div (V s i n  $1 dE 2 
3 

and t h a t  due to   s ca t t e r ing  

(59) 

dE 
(-1 = - div ( V  cos $)  

2 

dts 3 
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These r e s u l t s  seem related  to   those  obtained by Webb and Gleeson  (1979), 
see  equation (24)  and (25) )   i f  w e  make the  reasonable  assumption  that 
transforming  the  betatron  effect from the  moving to  the  f ixed frame 
y ie lds   t he   d r i f t   e f f ec t  and transforming  the  Inverse Fermi e f f e c t  from 
the moving to   the   s ta t ionary  frame y ie lds   the   sca t te r ing   e f fec t   ( see  
also Webb e t  a1  (1981). Because  most  modulation  takes  place i n  
regions where tan $ > 1, $ being  the  angle between f and &, Kota 
deduces t h a t   t h e   d r i f t  loss term  dominates in   the  contr ibut ion  to   the 
to ta l   ad iaba t ic  loss r a t e ,  dE/dt = -pv/3 div V. I f  we neglect 
scat ter ing and represent  the E = -1 x solar  wind e l e c t r i c   f i e l d  by a 
potent ia l ,   then QN = -Q, where 

S 

@N = 150sin X MV, pre-1969 f ie ld   reversa l  

QN = -150si.n X MV, post-1969 f ie ld   reversa l  

fo r   so l a r   l a t i t ude  A and we have  used equation ( 4 ) .  Equation ( 7 )  
represents  the  neutral   sheet boundary  between  and 9,. There i s  a 
mathematical  discontinuity  in Q, a t  the wavy neutral   sheet boundary. It  
does however mean that  fJnding  the  total   energy loss reduces  to  adding 
up the  potent ia l  jumps at   the  neutral   sheet  crossings.   This i s  because 

AE = Ze r -- E.ds = ze { $B-$G + Z $  -0, + 9,-02+$,-$ ,... 1 
i l  

(62) 
where  $G i s  the  potential   in  the  distant  galaxy, $H the   po ten t ia l   a f te r  
crossing  the  heliosphere  boundary, 91 and $2 the   po ten t ia l s   e i ther   s ide  
of   the  f i rs t   neutral   sheet   crossing,  $ 3  and $4 the  potent ia ls   e i ther  
side  of  the  next  neutral   sheet  crossing,  etc. ,  and $B is an additional 
boundary po ten t i a l ,  depending on t h e   d e t a i l s  of cur l  E a t   t h e  boundary 
(ErdUs and  Kota 1978) But 0, = -$1, $4 = -$,, e tc .  so 

BE 2 Ze (201 + 20,. . .) 
for  multiple  crossings.  Thus the amount of  energy loss, or  depth  of 
modulation,  can be re la ted   to   the  number of neutral  sheet  crossings  for 
pa r t i c l e s  which move especial ly   in   the  solar   equator ia l   p lane,  due t o  
some scat ter ing  diffusion o r  (cur l  B ) , ,  d r i f t .  For  example, i n   t he  
post 1969 so la r   cyc le ,   p ro tons   d r i f t   i n  from polar  regions  suffering a 
large  energy loss under (61) while  the  equatorial  plane motion  of 
electrons where the  tendency i s  to   migrate   to   higher   solar   la t i tudes 
suggests much less modulation. However, i f   e l ec t rons  can experience 
multiple  crossings  of  the wavy neutral   sheet,   their   depth of  modulation 
is enhanced  and the  difference  in  modulation between the two species 
is not so great (Kota  19790. Clearly  the  waviness  of  latitude  extent 
of  the  sector  structure  influences  the  depth  of  modulation and a solar  
cycle  variation  of  this  could be the unknown factor  in  causing  the 11- year 
wave. 

6. Steady-state  Monoenergetic  Source  Solutions 

Ea r ly  analyt ical   solut ions  to   the Fokker-Planck equation  for 
special   cases  including  the  spiral  geometry but  with no d r i f t   o r  K, 
were given by Parker  (1965,  1966) and a number of  other  special 
so lu t ions   a re   ava i lab le   in   the   l i t e ra ture  (F i sk  and Axford,  1969; 
Cowsick and  Lee,  1977; Lee 1976;  Gross, Lee  and Lerche  1977; 
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Dolginov  and  Toptygin  1967,  1968; Webb and Gleeson,  1976,  1977). 
However use  of  Green’s  Function methods by Webb and  Gleeson  (1973) 
and Toptygin  (1973)  enables more ins ight   to  be  achieved  concerning 
the flow l i n e s   i n  2 - p space and also on the  contribution  of 
p a r t i c l e s  a t  various  energies on the  boundary of  the  heliosphere  to 
the near ea r th  spectrum. 

The Green’s  Functions  used  are  limited  to  spherically symmetric 
models of modulation  with a constant  solar wind speed, V ,  and the 
diffusion  coeff ic ient  K = K, (p) rb where I$, (p) i s  an a rb i t r a ry  
function  of momentum. (271,  the  momentum form of the Fokker Planck, is 
then  solved  with K.aUP/ar = K r  a U p / a r  in   the  form - 

l a  2 2 aup 2 v a 6 (r-ro) 6 (P-pol 
.2 ar - - ( r  V U  - r  -) _ - - _  

P ‘r ar 3 r ap (P Up) = N 
4a r 2 

0 

Under the  approximation ro + -, t h a t  is the  par t ic le   inject ion  takes  
p l a c e   a t  a d i s t an t  boundary, a l imit ing  solut ion  for  b > 1 was obtained 
by Webb and  Gleeson  (1973) for   the mean dis t r ibut ion  funct ion  fo  = Up/4a po 2 

where U (-,pO) = 
P 

x =  

n =  

T =  

x =  
0 

- ip” K0(z) z 2v 
3 (1-3b)/2 dz 

P 

Figure 7 represents   this   solut ion  for  b = 1.5 , KO = p  and p lo t s  
fo/Ng pO3 as a function  of p/po for  values  of  W/K(r,po)  equal  to 1.0, 
0.1, 0.01 and 0.001. I f  we take a value  of I$, which 1s able  to 
reproduce  the 1965 level  of  modulation,  the  curves V r / K  = 0.01, 0.1, 1 . 0  
represent   respect ively  the  dis t r ibut ion  a t  1 AU of To = 2 0  MeV, 
1200 MeV and 20 GeV.  The great  spreading and appearance  of  secondary 
peaks a t  low energy,   re la t ive  to   the monoenergetic inject ion  dis t r ibut ion 
function, i s  seen in  Figure 7 .  Alternatively,  Figure 7 can  be 
interpreted  as   providing  the  radial   var ia t ion  a t  one energy. I f  To = 
1200 MeV and V d K  represents   the  dis t r ibut ion  a t  r = 1 AU, the  other 
curves  represent  the  results of t h i s   r e l e a s e   a t  r = 100 AU and 0.01 AU 
since . , ac ..-1/2 

-. 
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The monoenergetic solution  can be  used to   inves t iga te  
the  inter-relat ionship between the   pa r t i c l e  flow  and  energy t r ans fe r  
between the  cosmic rays and the   so l a r  wind using  the  concept  of  flow 
l ines   a l ready  mentioned previously  in  connectian  with  the  force  f ield 
solution.  Fisk,  Forman and  Axford  (1973) were able t o  ob ta in   the i r  
-- r-p  plane  contours by vir tue  of   the  special   case  that   gradient   dr iven 
flow  and t h e  Compton-Getting correction,term  balanced,  but a  more 
general,  although still  spherical ly  symmetric, case is  obtained 
following Webb (1976). Take the  conservation  of  flow  in  position and 
energy  space 

which is (20)  i n  terms of momentum and  where 

Thus w e  can allow a f i n i t e  S by balancing it with a source i n  momentum 
space. The flow l ines   of  Wegb (1976) a re   so lu t ions   o f   the   d i f fe ren t ia l  
equations 

S 

d t  U 
dr = <e> = - P 

P 

P - =  
d t  - ar 

P 

(64b)  being  equivalent  to  (19)  in terms of momentum.  The flow l i n e s  
which define  the  average  effects of the  interplanetary medium on the  
pa r t i c l e s  are then  given by 

Examples of flow l ines   for   the   case  K = K p r  , V r  /K(re,p ) = 0.1 
a r e  shown in  Figure 8. They w e r e  obtaine8 by using Ehe solu?ion  (63) 
in  conjunction  with  (64a) and (64b). It  i s  seen  that   there   are  two 
types of flow  lines. Some  go inward  and then  turn  outward,  always 
dropping  monotonically i n  energy.  Others,  starting above t h e   c r i t i c a l  
curve  indicated by long and s h o r t   d a s h e s ,   f i r s t   f a l l   i n  energy  on 
entry  but  then  gain  energy  as  they  turn  around and eventually emerge. 
The locus  of <$> = 0 corresponds t o   t h e  peaks i n  the   d i s t r ibu t ion  
function  of  Figure 7 (dot-dash  curve)  while  the  locus  of <?> = 0 
separates  regions  of  inwards and  outwards  flow  (dashed l i n e )  . 

1.5 

It is reassuring  to   f ind  in   Figure 8 a region  of 2-p space 
where pa r t i c l e s  are gaining  energy.  This  region  presumably  corresponds 
to  the  average  energy  gain  implied by (19)  since au/ar is  pos i t ive   for  
ga lac t ic  cosmic rays.  Remembering that   these  paths   refer   to   groups  of  
pa r t i c l e s  on average,  not  single  particles, it is  not   surpr i s ing   tha t  
incoming  cosmic rays  seeing  scattering  centres  approaching them can 
gain  energy by  a second order Fermi process. However, some groups  of 
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p a r t i c l e s  w i l l  experience more t a i l  on co l l i s ion  and  be decelerated. 
The term i n   t h e  Fokker Planck (22)  associated  with a /aT which was 
given  the name adiabatic  deceleration and t r i e s   t o  make a U / a t  negative 
is  actual ly  dominated by the  contribution  of  the  energy  dependent  part 
of  the Compton-Getting transformation  in  our  derivation. Thus the 
term real ly   represents  an enhancement of  the sweeping ef fec t   o f   the  
so l a r  wind with which the cosmic ray gas is attempting  to  get   into 
equilibrium. Thought of t h i s  way we do not have the  incompatibility 
of a term label led  'decelerat ion '   in   the  s ta t ionary frame when the 
e f fec t   o f   the  wind can  be a heating,  as  seen by (19). It  is also 
helpful  to  look a t  (53)  with Sr 0. It  is the  convection  of  particles 
with 1, coupled  with what must be a negative  value  of  afo/ap,  bringing 
more pa r t i c l e s   i n to  a given momentum interval  with  transformation  to  the 
laboratory frame that  provides  the  current  to  balance  the  diffusion 
current. 

The limiting  exact  solution  (63) 
Function  for a monoenergetic  spectrum a t  
with  the  galactic spectrum to  generate a 
anywhere within  the  solar  cavity.  Thus 

can  be  used as  a Green's 
i n f i n i t y  and convoluted 
fu l l   so lu t ion   for   the   in tens i ty  

where G(r,p;p ) is  obtained from (63).  Indeed,  the  previous work of 
Fisk and Axfozd (1969) and subsequent work of Cowsick and Lee (1977) 
seem to  both stem from t h i s  same basic  solution. Gleeson  and Webb 
(1979) compare the  integral  (66)  with  the  predictions  of  numerical 
solution  of  the  spherically symmetric  Fokker-Planck as performed by 
Urch and Gleeson  (1972) and show t h a t  very similar resul ts   are   obtained,  
thus  confirming  the  use  of  (66) as val id   in   other   invest igat ions.  

Figure 9 represents  the Urch and  Gleeson  numerical r e s u l t ,  
rather  than (66) and shows the  modulation  for  the  three  types  of 
galactic  spectrum, (a) , (b) and (.cI as  i l lustrated.   Near-earth  spectra 
are  calculated  with Kr =. 6 x 1021 6 R B cm2 the  force  f ield 
parameter $I (1 AU) = 0.14 GV and rp, = 10 AU as the  heliosphere  boundary. 
It is important  to  note how insensitive  the  near-Earth  spectrum i s  t o  
the exact form  of the low energy  galactic  spectrum. 

I t  is c l ea r  from our  previous  discussion  of  (63)  that  the 
Green's  function  can  be  used t o  show the  contribution  of  various 
momentum ranges  of   galact ic   par t ic les   to   the  near-Earth  intensi ty ,   a ,  
point  taken up by  Gleeson  and Webb (1975).  Numerical  solutions which 
made a similar point were carried  out by Goldstein e t  a1 (1970). These 
workers  used  the same spherically symmetric  Fokker-Planck for  protons 
and helium  nuclei  separately  (Figure 10). We see from th is   f igure  
that at   high  energies , .   the   galact ic  spectrum a t  a particular  energy makes 
a large  contr ibut ion  to   the modulated  spectrum in  the same energy  range. 
At lower  energies,  the  galactic  spectrum  has l i t t l e   e f f e c t  on the 
modulated  spectrum a t   t h e  same energy and  most par t ic les   actual ly   seen 
near  the  earth have  been shif ted down i n  energy from 5 100 MeV. These 
conclusions  are model dependent.  In  order  to match the measured  cosmic 
ray  gradients Q, l % / A U ,  values  of K,, much greater  than  those  suggested by 
quasi-linear  theory.pr even the  numerical  calculations  of Moussas e t  
a1 (1982b) a re  employed.  Gleeson  and Webb (1975) for  example use 
Q, 1.5 x cm2 sec a t  1 GV. A s  we sha l l   see   l a te r ,  a 3-dimensional 
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model is  required  for  modulation and some substantial  modifications 
to  the  conclusions a r i s i r q  from Figures 9 and 10 may be necessary. 

Webb and  Gleeson  (1977)  develop a Green's Formula for   the 
transport  equation which is a generalisation  of  their  previous  Green's 
Function  methods. By means of t h i s  formula,  they  can  solve  problems 
i n  which the   in tens i ty  and streaming on the boundary  of  the  modulation 
cavity can  be expressed  in  terms of the  solution  for a source which 
is a delta  function  in  the  independent  variables t, 5, p. Kota ' s 
(1977)  time  reversed method is  r e l a t ed   t o   t h i s  work. The  Webb and 
Gleeson  (1977)  formula gives   the  intensi ty  a t  a point  in  terms  of 
th ree   in tegra ls ;  one over  the volume enclosed by the boundary  and 
determined by the number o f   pa r t i c l e s  which go backwards i n  time t o  
sources which are  within  the volume, the second  given by the number 
of   par t ic les  which rever.se  to match with  the  current  through  the 
boundary  and the  third  to   correspond  to   the  effects  of an i n i t i a l  
source  distribution.  Lerche's  (1974)  variational method also depends 
upon the  use  of a different ia l   Green 's  theorem  and s imilar   integrals .  
Lerche solves  the  transport  equation by using trial functions  for  the 
d i f f e r e n t i a l  number density and then  extremising  the  Lagrangian 
operator  representing  the  transport  equation. 

7 .  Spherically Symmetric Modulation  Solutions and t h e i r  Problems 

7 . 1  The Diurnal  Variation 

Although not  giving a complete s tory,  some overall  understanding 
of  modulation  throughout  the  Heliosphere is  achieved by  assuming no 
latitude  or  longitudinal  dependent  gradients,  as we have  seen in   the 
previous  sections 5 and 6.  Also  the  basic  observation of a 0.4% 
anisotropy,  roughly  perpendicular  to  the  earth-sun  line and coming 
from the  East   in  the 2-20 GeV proton  energy  range,  can  be  explained 
(Parker  1964,  1967; Axford (1965; Pomerantz  and  Duggal,  1971; urch 
and  Gleeson 1972).  This is the dominant anisotropy, on  average. We 
may write the  streaming  equation ( 2 3 )  more e x p l i c i t l y   a s  

for  w /vc >> 1 and K., - including a l l  causes  of  perpendicular 
In  spkerlcal  polars, (-67) becomes 

5, = - (0.7 - 
V Krr z) 3 au 

5 ,  = - K s i n  $ - 3 au 
V T  ar 

c4 = - CK,, - KL) s i n  JI cos $ - 3 au 
V ar 

(67) 

diffusion. 

where 5. = 3S/vU, - = v2/3wb. For zero  radial  flow (54)  yields 
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E$ = 3C v/V (K,, - Q) s i n  J, cos J, 
K,, cosL $ + K, sin' J, 

I f  K,, >> K,; <$ = 3C v/V tan J, = 3C R r s i n  0 /V corresponding  to  the 
perfect  corotation of the cosmic ray  flux  with  the Archimedes s p i r a l  
f i e l d   p a t t e r n  a t  rotational  speed R which i s  that   of   the  sun. For T > 
1 GeV, C = 1.5 and with V = 400 km s-l, 0 =  IT/^ we find 69 = 0.6%. 
Subramaniam (1971)  discusses small but  cumulative  errors which together 
may reduce  the  calculated  value  of to t h a t  observed. 

Although  the  definitive work  by  McCracken and Rao (1965) on 
the 1958-1964 neutron  monitor  data gave a phase  angle  for  the  diurnal 
anisotropy  of  86.5 k 1.6O east   of   the  Earth-Sun l i n e ,  many analyses  of 
experimental   results have drawn at tent ion  to   departures  from th is   near  
perfect  corotation. For  example,  Thambyahpillai and E l l i o t  (1953) 
suggested  that   there is  a 22-year wave in  the  anisotropy and more 
recently,  Forbush  and Beach (1975)  analysed  data  in  terms of a corotating 
component p l u s a  20 year wave w i t h  a maximum a t  128'E, perhaps  corresponding 
t o  flow i n t o   o r  outward  from the sun along  the Archimedes s p i r a l   f i e l d  
direction. 

Swinson (1971)  has drawn attention  to  the  information on the 
radial   gradient  which may be obtained from a measurement of  the  north- 
south  anisotropy, < e .  The s ign  of   the  effect  is correlated  with  that  
bf  the  sector  structure,  as can  be  seen via   the las t  term  of  (67). 
Both diurnal   var ia t ion  data  and  north-south  anisotropy in  the  absolute 
cosmic ray  flux  as  seen by polar  neutron  monitors have  been interpreted 
i n   t h i s  way (e.g. Pomerantz,  Tolba, Duggal , Tsao  and Owens, 1981) . 
Swinson  found a r ad ia l   g rad ien t   a t   h igh   r i g id i t i e s  which, when 
extrapolated  to 1 GV yielded  about 14%/AU o r  more. 

7.2 Numerical  Solutions ------------------- 
In   order   to  accommodate a wide range  of  parameters  describing 

the  posi t ion and r i g i d i t y  dependence  of  the  primary  spectrum  numerical 
methods  have  been developed to  solve  the  spherically symmetric  Fokker- 
Planck  transport  equation  (Fisk,  1969; Urch 1971). The Crank-Nicholson 
technique is often  used. A ga l ac t i c  spectrum is  specified a t  the 
boundary  of  modulation x = r,, and the   par t ia l   d i f fe ren t ia l   equa t ion ,  
U = U ( r , T )  integrated  inwards  in r between a low energy  cutoff where 
UCT) is zero and a high  energy  cutoff where the spectrum  remains a t  
the  galactic  value.  The r i g i d i t y  dependence  of the  diffusion  coefficient 
can  be  obtained  empirically by  assuming the  electron  modulation is 
completely  specified by the  near-earth measured spectrum and the 
galactic  spectrum  as deduced  from the non-thermal radio background 
[Goldstein e t  a l l  1970;  Burger,  1971).  There  are  of  course many models 
for   the  galact ic   proton  intensi ty  which show large  variation  with 
posit ion  in  the  galaxy and therefore  the assumption  of the  existence 
of an average  galactic  electron  spectrum which i s  appl icable   to   th i s  
"demodulation"  procedure  cannot be too safa Nevertheless,  values  of 
t h e   t o t a l  modulation  parameter M % 2.4  I$ (equation 3) have  been  deduced, 
for  example 9 = 0.35 GV i n  1965 CUrch and Gleeson,  1972) , $ = 0.59 GV 
(Bedijn e t  a l l  1973) , again  in  1965, and 9 = 0.44 GV for  1973 (Garcia- 
Munoz e t  a l l  1 9 7 7 ) .  Checks on the  modulation model can then be made 
by predicting  the  galactic  proton and helium s p e c t r a   a t  a pa r t i cu la r  
epoch of  the  solar  cycle.  Next,  these  galactic  spectra  are  used  to 
predict  new, near  earth  spectra a t  another epoch. 
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Although some sa t i s fac tory   f i t s   to   observed   spec t ra  have 
been obtained by the  numerical  models, it i s  not  possible  to 
disentangle  the  absolute magnitude  of K,,, t he   rad ia l  dependence  of 
K,, and the  posit ion rm which a l l  appear i n  M. In   fac t ,   ea r ly   es t imates  
of K,, were later ,revised upwards to   f i t   the   addi t iona l   in format ion  
given by the low % few %/AU gradient measurements made  on Pioneers 1 0  
and 11 (Gleeson and Webb, 1979). A recent  value  for  this  gradient is 
provided by Webber and Lockwcod 1981  for T > 60 MeV averaged  out  to 
23 AU. .%ese  workers  find 2.85 f 0.5%/AU and incidental ly  deduce rc0 > 
65 AU from the dependence  of the  gradient on counting  rate  based on 
spherically symmetric  modulation  theory. A value X, = 0.3 AU is 
consis tent   with  their  work. 

Three basic  problems ar ise   in   the  appl icat ion  of   spherical ly  
symmetric solutions.  The f i r s t  l ies i n  the  value  of K,, adopted which 
we have already  seen is considerably  higher  than  the  values a t  1 and 5 AU 
which are  given by the latest  numerical  simulations. Second, there  is 
no simple  explanation of the  hysteresis  shown  by the laig in  the  recovery 
of   the  e lectron  intensi ty   re la t ive  to   the  protons,   seen  af ter   the  1970 
sunspot maximum (Rockstroh,  1977).  Third  there is no  known variat ion 
in   the  near   Earth  solar  wind veloci ty ,   or  power spectrum of f i e l d  
i r regular i t ies   to   explain  the  required  var ia t ion of M (Mathews e t  a1 
1971; Hedgecock e t   a l l  1972) . 

Morf i l l   e t  a1 (1979)  have  provided a possible way out  of  the 
th i rd   d i f f icu l ty   in   the   contex t   o f   the   spher ica l ly  symmetric  model. 
It  depends on the  observation (Hedgecock 1975) tha t   t he  power density 
i n  low frequency waves (<  Hz) does  vary  with  the  solar  cycle, 
unlike  the  other IMF parameters.  If  the k vectors  of  the  Alfvenic 
f luctuat ions  a l ign  with  the  radial   d i rectzon,   the   fact   that   the  mean 
loca l   f ie ld   d i rec t ion   a l te rs   wi th   the   so la r   cyc le  due to   the  change i n  
the low frequency power  means tha t   the   sca t te r ing  can  change. However 
there  remains  the problem  of  demonstrating  the  radial  alignment  of &. 

8.  Three-dimensional  Modulation - Perpendicular  gradient and 
Anisotropy  Evidence 

In  the  previous  section we have already mentioned the problems 
in   spherical ly  symmetric  modulation  theory tha t   l i e   w i th   p red ic t ing  
the low radial   gradient,   accounting  for  posit ive-negative  particle 
hysteresis  effectsand  finding  the  actual  cause  of  the  11-year  cycle. 
In  section  (5.2) , the  energy loss formulation  of Kota w a s  e s sen t i a l ly  
a 3-D model and therefore it is reasonable to  search  for  other  evidence 
to  support  the need for  a f u l l  3-dimensional  development  of  the 
complete  theory. 

Perpendicular  gradients and related  anisotropies   are   direct  
manifestations  of a n o n - s p h e r i c a l l y - s y t r i c  cosmic r ay  dis t r ibut ion.  
Before  discussing  the  rather  confusing  evidence  for  these, it i s  helpful 
t o  develop  equation  (67) to  take  into  account  perpendicular and azimuthal 
gradients   in   order   to  see the  gradiant-anisotropy  inter-relationship. 
In component form, with Si = v/3 E ~ ,  (67) becomes 

Sr = C u v  - Krr + s i n  $ - + ( K , , - K ~ )  s i n  $ COS JI - au au 
aP aa (70a) 
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S = -K s i n $ - - K  - - K  cos $ - au au au 
P T ar ap T aa 

Sa = (K,, - K,) s i n  $ cos $ - + K cos $ - - au au 
ar T ap  %a G (70c) 

where K = K,, cos J I  + K, s i n  ; Kaa = K,, s i n  $ + KI cos $; % = 
v2/30b wlth a un i t   vec tor   in   the  8 or   north + south  direction and 
a uni t   vec tor   eas t   to  west o r   i n   t he  + direct ion.  

2 2 2 2 
rr 

Neglect au/aa as being due to   t ransient ,   azimuthal   effects  which 
a re   l ike ly   to   average   ou t   in   the  long-term.  (70b) and (70c)  then combine 
to   y ie ld  " 

I f   there  is no perpendicular  gradient, aU/ap = 0 ,  <KT SB> = %2 s i n  JI a U / a r  
from (70b). It is c l ea r   t ha t  Sp and switch  sign  together  with  sector 
s t ructure   reversal  and (71) reduces t o  (68c) . It is in te res t ing   a l so   to  
note  that  although  the sum K,, - KL - KT2/KL i n  (71)  reduces  to  zero if 
K, = K,, vc2/Vc2+,b2 as i n  (11) and in  cyclotron  resonance  theory  for K, 
(McDonald and Forman 1981b),  the  north-south  streaming due t o  (70b) coming 
in   t he  term S >/K, r e su l t s   i n   t he re  s t i l l  being an azimuthal  diurnal 
var ia t ion.  P 

The first  order  equation  (70)  cannot  deal  with symmetric 
perpendicular  gradient  effects,  for example the   s i tua t ion  where the 
helio-equator  represents a minimum o r  maximum in  intensity.   Apart  from 
f u l l  numerical  integration  of  the  Fokker-Planck,  approximate  insight  into 
the  magnitude  of  the  streaming which  can r e s u l t  can be obtained  following 
the work of  Jokipii  and Parker  (1968) and Quenby and Hashim (1969). 
These last  authors  write  the  Fokker-Planck,  retaining t le"  component  non- 
symmetric  terms i n  K, as 

l a  2 1 a r2 au + 1 a s i n  e au 
2 ar 2 ar K, z r s i n  e z K, r ae (r C W )  = - - -- -- 

r r 

If  U = U 1  + U2 for  U2 << U1 where U1 is an analytical  solution  of  the 
nodulation  equation  with K, : 0 and K,, a simple power law i n  r ,  as found 
by Parker  (1965),  the  term  in K, equal  to K J ~ ~  a2u/ae2 is the  dominating 
non-symmetric term. Then the  radial  streaming a t  8 = 90° may be shown to  
be 

au2  2 
Sr = C U2 V - K,, ar s i n  $ = - dr  

r2 0 

which is an integral  of (72)  when  two large  terms on t h e   l e f t  hand side 
have cancelled and a factor C omitted  in  the  original work has been included. 
We see  that  the  perpendicular  streaming  into  the  equatorial  plane 
integrated  out  to  the  point of observation is responsible  for  the  radial  flow 
a t   t h a t   p o i n t .  Note t h a t  we have suppressed  radial  streaming due t o  energy 
change i n  U by keeping C constant.  Jokipii and Parker  (1968)  deal  with 
the  equivalent  approximation  for  energy  space  gradient i'nduced streaming. 
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However  section 6 has  adequately  dealt'  with  the  physics  involved. 

Turning  now  to  the  experimental  evidence,  Sarabhai  and 
Subramanian (1966) suggested  that  the  marked  excess  in 5303A coronal 
line  activity  at  northern  heliolatitudes  might  lead  to  a  north  to 
south  gradient  in  cosmic  ray  intensity.  Following  a  suggestion  of 
Marsden (1967), Hashim  and  Bercovitch (1972) showed  that  the  x VU 
drift  due  to  a  north  to  south  gradient  showed  up  in  neutron  monitor 
and  meson  telescope  data as  a  sector  structure  correlated  effect  in 
the  diurnal  variation.  For  example,  for  outwards, V,U yields  a  flow 
45'E of the  earth-sun  line.  Hashim  and  Bercovitch  found Ge.=  5.5 R-o-6%/AU, 
Newkirk  and  Lockwood (1982) represent  a  recent  work  attemptlng  a  direct 
measurement  of  the  latitudinal  gradient  by  correlating  cosmic  ray 
activity  with  solar  activity.  They  find  a  decrease of intensity  with 
increasing  latitude,  measured  in  a  heliomagnetic  coordinate  system  that 
they  define  and  for  periods  before  and  after tkl969-1970 reversal 
of solar  field  polarity. 

- .  

A symmetric,  rising  gradient is consistent  with  measurements of 
the  second  harmonic  of  the  neutron  monitor  and  meson  telescope  diurnal 
variations  since  the  time of maximum  observed is,  on  the  average, 
perpendicular  to  the  interplanetary  field  direction  in  the  ecliptic 
plane  (Quenby  and  Lietti, 1968). These  authors  found  rising  gradients 
consistent  with  a  modulation  factor  M Q 2,4 GV  which  is  about  double 
that  mentioned  in  section (7.2). However,  Nagashima  et  a1 (1971) claim 
that  the  semi-diurnal  data  is  best  interpreted  as  a  pitch  angle 
distribution  with  maximum  intensity  at 90' pitch  angles. 

Direct  measurement of  a  gradient  rising  between 0' and 16O 
northern  solar  latitude  is  provided  by  McKibben  et  a1 (1979) using 
Pioneer 10 and 11 data  on  the  anomalous  helium  component  between 11 
and 20 MeV/nucleon.  They  found  a 2-3% per  degree  latitude  gradient 
at 4.75  AU. Roelof  et  a1 (1981) have  analysed  Voyager 1 and 2 and 
IMP-8 data  relevant  to  distances  between 2 and 5  AU and  find  transient 
gradients  at 9 30 MeV/nucleon  which  are  directed  north-south,  south- 
north  or  are  U-shaped  and  with  magnitude 1 to 5% per  degree. All these 
experimental  determinations  of  the  latitudinal  gradient  are  consistent 
with  values  which  would  produce Q 100% modulation  between  the  solar  poles 
and  the  solar  equatorial  plane. 

Inward or outward  radial  streaming  anisotropy  can  also  indicate 
the  three  dimensional  aspect of modulation. Rao et  a1 (1967) found  a 
0.18 (t 0.051% outward  streaming  in  the 7.5-45 MeV  range  which  seems 
unlikely  to  fit  any  reasonable  spherically  symmetric  model.  For  example 
the  computations of Urch  and  Gleeson (1972) and of Dyer  et  a1 (1974) show 
inward  streaming  at  low  energies.  Furthermore,  integral  measurement of 
protons  at > 360 MeV  by  HEOS-I  (Dyer  et  a1 1974) showed  a 0.3% lnward 
streaming.  These  data  cannot  be  reconciled  with  the  spherically 
symmetric  model  which  gives  an  outward  streaming  at > 1 GeV.  Quenby 
and  Hashim (1969) suggest  that  a  small  outward  streaming Q 0.02 of the 

~ corotation  effect  is  consistent  with  the 1964 neutron  monitor  data  while 
for  the  long  term  ionisation  chamber  data,  an  outward  streaming  varying 
between 0 and 0.3 of the  corotation  amplitude  (i.e.  up  to 0.12%) and 
depending on the  phase  of  the  solar  cycle  can  occur.  Quenby  and  Hashim 
interpret  the  relative  variation  of Sr and E4 in  terms of a  variable 
ratio K,/k,, with  a  rising,  off-ecliptic  gradlent  driving  particles  into 
the  equatorial  plane.  Note  that  Forbush  and  Beach (1975) interpreted  the 
same  data in a  different  manner  and  the  difference  in  phases  in  the 

* 
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asymptotic  directions  implied is  probably due to   the  introduct ion of 
an  empirical  diurnal wave temperature  correction by  Quenby and Hashim. 

Use of  the  earth 's   excursion  of f. 7.25O i n   h e l i o l a t i t u d e   i n  a 
year which can  give r i s e   t o  an annual and semiannual wave i n  cosmic 
ray  intensity  enabled Antonucci e t  a1 (1978) to   f i nd  a symmetric 
fa l l ing  gradient  pre-1969, a r i s i n g  symmetric gradient   af ter  1969, a 
southward directed  perpendicular  gradient  in 1959-1969 and a f t e r   po la r  
f ie ld   reversa l   in  1969-1971 a north  pointing cosmic ray  gradient. The 
symmetric gradients found by these last  authors do not f i t   t h e  Quenby 
and Hashim predictions  but  are  explained by the  theory  of  Jokipii and 
Kopriva  (1979)  which w e  w i l l  d i scuss   l a te r .  Swinson  and Kananen (1982) 
employ sector-structure  correlated changes in   the   ec l ip t ic   p lane  
component of  the  diurnal  variation  seen by cosmic ray  detectors   to  
confirm  the  direction  switch  of  the  antisymmetric  gradient  seen be 
Antonucci e t  a1  (1978). Swinson  and Kananen emphasise the dominknce of 
t h i s  one-way gradient  over  the symmetric gradient and point   out   that  
the  Jokipii-Kopriva  predictions are only   sa t i s f ied   i f   the   ear th  is  
located  predominantly above the cosmic ray  equator so t h a t  it i s  i n  a 
region where the  gradient is  pointed  southwards  before  the  sun's  field 
reversal  and pointed  northwards  afterwards. 

Space  measurements  have  been made on t h e   r e l a t i v i s t i c   p a r t i c l e  
anisotropy a t  la rge   rad ia l   d i s tances   in  a plane  a t   r ight   angles   to  
the  earth-sun  l ine.  Between  March and November 1974,  Pioneer 10 a t  
6 -f 6.8 AU (Axford e t   a l l  1975)  found an azimuthal  anisotropy 6 4  = 0.59 k 
0.18%  and a north  to  south  streaming  anisotropy Eg = 0.25 f. 0.08% for  
T > 480  MeV/nucleon. Some par t   o f  &J could  not  be  correlated  with  the 
sector   s t ructure  VU x e f f e c t  and this  residual  value  of 0.11% 
could be explained by an  asymmetric l a t i t u d e  dependence  of t h e  modulation. 
Its sign  agrees  with  that measured by  Swinson and Kananen and Antonucci 
e t  a 1   a f t e r  1969. One problem with  the  data  of Axford e t   a 1  (1975) is 
that  the  equivalent  detector onboard  Pioneer 11 at 1.1 + 2 . 7  AU found 
60 2 0 a t  a time i n  1973 when Swinson and Kananen (1982)  found de f in i t e  
evidence f o r  a northward  gradient. 

Concerning  the  local  control of the  posit ion of the  neutral  
sheet   in   the IM!? and i t s  v a r i a b i l i t y  and  hence the  consequent  variations 
i n  the  plane  of symmetry of  the cosmic ray  intensi ty ,   the   analysis  of 
Moussas and Tri takis  is  interest ing C1982d). These authors  point  out 
t h a t  an analysis  of  sector  structure  data  implies that i n  1974-1977, 
there  is an  influence  of  the  north  solar  pole  coronal  hole a t   a l l  
latitudes,  agreeing  with  the southward  displacement  of  the  current 
sheet  predicted by Rosenberg (.1970) (see  also  section 21. It must be 
said,  however, that   ra ther   less   than 50% of  the  polarity  data  of 
Moussas and Tr i tak is   a re   in  good s t a t i s t i c a l  agreement  with  the Rosenberg 
e f f e c t  model for   the dominant sec tor   s t ruc ture   po lar i ty  Again t h i s  
emphasises  the  importance  of  local  disturbances and suggests  that   in- 
e c l i p t i c  measurements  have l i t t l e  hope in  establishing  the  overall  3- 
dimensional  modulation  configuration  or  solar wind pattern.  

Recently  streaming measurements  have  been made  by Pioneer 10  out 
a t  11-15 AU (McDonald and Forman 1981; Forman and McDonald 1981) in   t he  
plane  perpendicular t o  the earth.-sun l i n e .  For the 30-56 MeV proton 
energy  range,  the  anisotropy is Q 7% which, i f  anything, i s  above the 
predicted  corotation  value and imples A , ,  = 16 f. 5 AU and K, 6 0.007 K,, 
when interpreted i n  terms  of  (70) and the measured gradient. These 
values  are  respectively much higher and much lower  than  the Moussas e t  
a1 U982b)  computational  values  for 5 AU, but  could be interpreted  as  
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revealing a much smoother IMF a t  these  larger   dis tances .  An a l t e rna t ive  
explanation  put  forward by  Forman and McDonald i s  tha t   t he re  is  an 
undetected 7% inward  streaming  which would allow K, 0.05 K,, and  be 
quali tatively  consisten  with  the Dyer e t  a1 1974 observation. However 
such a streaming  does  not f i t  with  the  approximate  calculations  of Quenby 
and Hashim (1969) who f ind   t ha t  an  increase  in Sr corresponds t o  a 
decrease  in Sa. Anisotropy measurement of  the anomalous 10-56 MeV/nuc 
He component yields  a streaming 10% of  the  corotation  value and allows 
x,, J 5 AU and K, > 0.05 K,, fo r  no Sr. Al ternat ively,   i f  K, < .007 K,, 
there  would have t o  be an undetected outward radial  streaming  of 2%.  
The au thors   be l ieve   the i r   resu l t s   to  be cons is ten t   i f   there  is 
significant  but  different  radial   streaming of the  proton and helium 
component. 

In  contrast   to  these 12 AU measurements, the   c loser   in   da ta  
from Pioneer 10 and 11 of Axford e t  a1 (1975) yielded a r a t i o  K,/K,, = 
0.13 -t 0.26 based on the  reduction  of  corotation  amplitude  in (7Oc) . 
These r e su l t s   a r e  more i n  accord  with  the  quasi-linear and numerical 
simulation  values  of  the  diffusion  coefficients.  

9. The Anomalous and Low Energy Components - Experimental  Evidence 

Below 50 MeV/nucleon there  are  various  puzzling  features  of  the 
near-earth  spectrum  that may o r  may not  require 3-D modulation models 
for   the i r   explana t ion .   In   par t icu lar ,   the  cosmic ray  spectrum a t  
these  energies i s  characterised by anomalously  high  fluxes  of  helium, 
nitrogen, oxygen,  neon  and possibly  iron  (Garcia Munoz e t  a l l  1973; 
Hovestadt e t  a1 1973; McDonald e t  a l l  1974; Klecker e t  a1 1977) which 
have  been observed  since 1972. There i s  also a steep  turn-up  in  the 
spectrum a t  the  lowest cosmic ray  energies  (Figure 11 and Mason e t   a l l  
1977). The anomalous composition would correspond  to an overabundance 
of 5-20 times normal  cosmic ray   o r   so la r  system  abundances,  provided 
carbon a t   t h e  same energy is taken  to be en t i r e ly  of galact ic   or igin.  

It has been pointed  out by Fisk e t   a 1  (1974) t ha t   t he  enhanced 
elements  have f i r s t   ion isa t ion   po ten t ia l s   h igher   than  hydrogen  and t h a t  
they may e x i s t  i n  in te rs te l la r   space  as neutral  atoms. However 
interpretat ion of 1977-78 Voyager observations by  Webber e t   a 1  (1979) 
suggest  that  some anomalous intensi ty   increase i s  found for  C , Mg and S i ,  
although a t   d e f i n i t e l y  lower levels  than  for  the  previously mentioned 
elements. These additional enhanced  elements  have  lower f i r s t  
ionisat ion  potent ia ls .  Anomalous He and 0 exhibit   a 27-day resonance 
tendency,  seen in  association  with 3 0.5 MeV proton enhancements  and also 
a Forbush  decrease  has  been  observed i n  anomalous 0 (Webber e t  a1 1979; 
Garcia Munoz e t  a1 1977b). A posit ive  radial   gradient  has been observed 
i n  He and 0 i n  the 10-20 MeV/nucleon energy  range  of  magnitude Q 15%/AU 
(Webber 1979). 

Indirect  evidence  for  a  singly  charged  state  for anomalous 
helium  has been provided by  McKibben C1977). He considered  the  phase 
l ag  of low energy cosmic rays  with  respect  to  particles of a higher 
energy,  assuming it t o  be only  a  function  of  velocity and r i g i d i t y .  
There i s  some evidence from 1974-75  IMP-8 data for 11-20 MeV/nucleon 
helium in t ens i ty  changes  being  in'advance  of  those  of 51-95 MeV protons 
which would be a t  an equivalent  magnetic  rigidity  if  the He w a s  f u l l y  
ionised.  Instead,  the H e  behaved more l ike   s ing ly   ion ised   par t ic les ,  
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corresponding t o  a h igher   r ig id i ty .  McDonald e t  a1 (1979) studied 
X,, as deduced  from gradient and spectral  measurements,  based upon 
the  approximation C W  2 I+= a U / a r .  They found t h a t   t h e i r   d a t a  w a s  be t t e r  
ordered i f  He 2 50  MeV/nucleon is singly  ionised.  Incidentally,  the 
values  of X, obtained a t  % 200 MV, i .e. X, % .04 AU, are  in  reasonable 
agreement with  the  numerical  simulation  discussed  in  section 4. 
Anisotropies  are  unlikely  to be so large  that  the  approximation 
exmployed is seriously wrong. 

Paii is  and von msenvinge (1981)  extended the work of McKibben 
(1977)  with a p lo t  of  the  time  lag  with  respect  to  higher  energy  particles 
of the  various  charge  species  for  protons,  ordinary and  anomlous helium 
against  BR. They found t h a t  8-22 MeV/nucleon H e  did  not f i t   t h e  curve, 
whatever the assumed charge state. In   fact   the   t ime  lag  for   these 
pa r t i c l e s  was very  short and the  authors  concluded  that  the model of 
O'Gallagher  (1975) which takes  into  account  hysteresis  in symmetric 
modulation  theory and upon which the Rf3 p l o t  i s  based  does  not  order 
the  data  sufficiently  for  deductions  to be made concerning  the H e  charge 
s t a t e .  

Garcia Munoz e t   a 1  (1981) re-examined old  data  to show tha t   the  . 
anomalous H e  component w a s  not  present  before  the 1969-71 so la r   f i e ld  
phase  reversal i n  strength comparable to   that   seen  in  1977. Hence 
d r i f t  motion  involving a 3-dimensional model i s  favaured  for  the  origin 
of the anomalous  component. 

Webber e t  a1 (1981) made' a comparative  study  of  the  radial 
gradients  of anomalous helium and  oxygen to  obtain  similar  gradients 
% 15%/P;U ou t   t o   15  AU i n  a time o f   r e l a t i v e l y   l i t t l e  temporal  change 
in   the  cosmic ray  intensity.  Becuase  of the  differences  in  Compton- 
Get t ing  factor ,   larger   for  0 than He, th i s   s imi l a r i t y   t u rns   ou t   t o  be 
more consistent  with  the  single  ionisation  of  these two charge components. 
Another point  noticed by the  authors is that  during  temporal  changes by 
a factor  10 in   t he  modulation level ,   the   radial   gradient  remained the 
same. The authors   discuss   the  possibi l i ty   that  Kr changes by t h i s  same 
factor  LO, although  such  evidence a s  w e  have  on var ia t ion   in   the  power 
spectra  of  magnetic  fluctuations  does  not  support  such a change. 
Alternatively,  Webber e t  a1 (1981)  suggest on the  basis  of a simple, 
spherically symmetric model with = cons tan t ,   tha t   a l te ra t ions  of 
the   e f fec t ive  boundary  depth by several  hundred AU could  account  for  the 
observation. Again an  appeal t o   o f f - ec l ip t i c   e f f ec t s  may be helpful.  

von Rosenvinge  and Paizis  (1981) discuss  the  large  amplitude 
of  the  modulation  exhibited by anomalous He relat ive  to   protons  ,a t  a 
s imi l a r   r i g id i ty .  They demonstrate  that it i s  the  differences between 
the  spectral  slopes  of  these components  which may account for   the  
observation. Thus the  protons show a posi t ive  spectral  shape a t   t h e  
re levant   r ig id i ty  which al lows  decelerated  par t ic les   to   par t ly  compensate 
for  modulated, lower  energy pa r t i c l e s .  The He atoms  have a f l a t  spectrum, 
so l e s s  compensation  takes  place. 

The turn-up in   the  low energy  spectrum  seen below + 5 MeV/nucl. 
may be related  to   corotat ing  par t ic le   s t reams  f i rs t   seen  in  1965 (Fan 
e t  a1 1965;  Bryant e t   a l ,  1965) , rather  than  galactic cosmic rays. 
Proton  streams  exhibiting a 27-day recurrence  tendency  are found t o  
co r re l a t e   i n  time  with  the  passage  of  high-speed  solar wind streams. 
Near-sun and  deep  space  probe  observations  have  established  the  likelihood 
of an interplanetary  acceleration mechanism for  these  particles.   Gradients 

- 
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have  been  seen; % 350%/AU between  0.3 and 1 AU, % lOO%/AU between 1 
and 3 t o  5 AU and negative  gradients  out from 4 t o  9 AU (Van 
Hollebeke e t  a l l  1978). Some compositional  changes  have been noticed 
within  the  tendency  for  these  events  to be  enhanced in   the  region of 
the forward and  backward shocks  associated  with  fast  streams. The 
H/He ra t io   has  been  seen to   increase by % 100 a t  the forward  shock 
(Barnes and  Simpson, 1976).  Nevertheless,  Gloeckler  (1979)  finds 
r e l a t i v e l y   l i t t l e   v a r i a t i o n   i n   t h e  composition  during  these  events 
as  seen  in  near-earth  data.  The most st r iking  difference from  prompt 
so la r   f la re   event   par t ic le  abundances l i e s   i n   t h e  carbon:oxygen r a t i o .  
It  is consistently less than 0.8 for   f la re   events   bu t   l i es  between  0.9 
and 1.5  for  corotating  particle  streams. Hence f l a r e s   a r e   un l ike ly   t o  
be  the  source  of  . the  corotating  particles.  However the  composition 
of  these  particles  resembles that of  the  solar  corona and presumably 
tha t   o f   the   so la r  wind, especial ly   the H e ,  C ,  Fe and 0 components 
(Gloeckler  1979).  Study  of  the  spectra  of  these  species,  together 
with  protons,  in  recurrent  events show the  dis t r ibut ion  funct ion  to  be 
well f i t t e d  by an  exponential in   ve loc i ty .  Moussas e t  a1  (1982a)  review 
current  evidence on these streams to  demonstrate a s t a t i s t i c a l ,   r a t h e r  
than  shock-associated  acceleration  to be  most l i k e l y .  

10. The Low Energy Components i n   t he  Context of Spherically 
Symmetric Modulation Theory 

Although the  review  of  evidence  in  section 9 concerning  the 
anomalous  and low energy  spectral components suggested some appeal  to 
3-dimensional  modulation  modelslitisnecessary to   see  which f a c t s  can  be 
understood in  the  context  of  the  spherically symmetric  models. Such 
symmetric solutions  of  the Fokker-Planck do not  necessarily  comprise 
a unique set   of  explanations and some o f f - ec l ip t i c   e f f ec t s  may need t o  
be  added to   t he  models. 

Concerning the anomalous  component, Fisk  (1976~) has discussed 
the  requirements upon modulation  theory  including  only  the symmetric 
terms in   the  Fokker-Planck equation  without  acceleration which would 
al low  into  the  hel iosphere  suff ic ient   galact ic   par t ic les   to   provide 
the  high H e ,  0 and N f l uxes   a t  10 MeV/nucleon. By assuming E -X vg(R,r) 
i . e .  a function  of  velocity and magnetic r i g i d i t y ,  and by mzing  a 
reasonable  estimate  of  the amount of  electfon  modulation a t  the same 
r ig id i ty ,   F isk  shows the  necessary  inters te l lar   f luxes  to  be impossibly 
high. H e  then  puts  forward a possible  modification to  the  diffusion 
process whereby Krr is controlled by the  lifetime  of  magnetic  traps 
i n  which par t ic le   mirror ing  takes   place and suggests  this  circumstance 
can  occur beyond 1 AU. Such particle  trapping  has  not been  obvious i n  
the  computations  of Moussas e t  a l  (1982b),  performed a t  5 AU. 

Alternatively,   Fisk  et   a1 (1974) suggest  that  the anomalous 
component or ig ina tes   in   the   par t   o f   the   neut ra l   in te rs te l la r   par t ic le  
population which has a h igh   f i r s t   ion isa t ion   po ten t ia l .  These pa r t i c l e s  
can penetrate  into  the  heliosphere  before  suffering  ionisation by 
charge  exchange  with  the  solar wind or  because  of  the enhanced UV 
radiation  levels.   After becoming singly  ionised,  they would be 
accelerated by t h e   s t a t i s t i c a l  mechanism of  section (4 .4)  and also 
suffer  outward  convection in   the   so la r  wind. A s  the   par t ic les   ga in   in  
energy, some diffuse back because  of the i r   re la t ive ly   h igh  magnetic 
r i g i d i t y .  Klecker  (1977) f i t s  modulation  data  taken  both a t  high  energies 
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and  for  the  anomalous  component to Fisk's  theory.  He  employs as 
parameters  in  the  model,  Kr % exp [ (r-1)/30] BR cm2  and 
Dpp/p2 % 3.10-'~-~ at 10 MeV/nucleon  with  a  solar  cavity  radius of 
50 AU. The  spatial  diffusion  coefficient  is  higher  than  the  numerical 
estimate of section (4.1) while  the  energy  diffusion  coefficient  is 
lower  than  that  of (4.4).  Also the  fraction  of  singly  ionised  atoms 
from  the  injection  process  which  take  part  in  the  acceleration, E = 
2 ~ l O - ~  is  a  parameter  which  is  simply  fitted  to  the  observations. 
Figure (12) shows  the  results of Klecker's  model  calculations.  Thus 
we  may  conclude  that  the  Fisk  et  a1  (1974)  hypothesis  has  some  success 
in  explaining  the  anomalous  component  in  the  context  of  spherically 
symmetric  modulation  theory  when  acceleration  is  added.  Indeed  it 
is very  difficult  to  believe  that  the  process  is  not  taking  place  in 
the IMF, to  some  extent  at  least.  However  because  all  the  parameters 
employed  in  the  model  do  not  necessarily  agree  quantitatively  with 
other  estimates,  some  other  elements  such  as  off-ecliptic  effects  may 
be  necessary  to  completely  specify  the  physics  involved. 

At  even  lower  energies,  the  statistical  acceleration  mechanism 
emphasised  by  Fisk  (1976a,b)  is  likely  to  explain  the  quiet-time  turn 
up  of  the  spectra  and  the  observed  distribution  functions  for H, He. 
C, 0 and Fe in  corotating  streams.  In  particular,  the  study  by 
Gloeckler et a1  (1979)  based on IMP D . data  in  the 0.15 MeV/nucleon  to 
8 MeV/nucleon  range  showed  f a exp(-v/vo)  for  these  species.  These 
authors  showed  that  a  steady  state  solution of the  symmetric  Fokker- 
Planck  plus  acceleration  is of this form provided  p  2/Dpy,;  v.  The 
numerical  results of Moussas  et a1 (1982a)  with  DTT a T give  just  this 
proportionality.  Gloeckler  et  al  (1979)  also  point  out  that  since  the 
abundances  are  comparable  to  that  of  the  solar  corona,  acceleration 
from  solar  wind  energies  without an injection  threshold,  as  occurs  in 
shock  acceleration,  is  favoured. 

We  conclude  that  the  evidence  from  section (9) is for  interplanetary 
acceleration  but  is  not  necessarily  as  compelling  for  3-dimensional 
effects as  other  evidence,  discussed  previously. 

11. Three-Dimensional  Modulation  Models 

It  is  clear  that  a  comprehensive  model  for  cosmic  ray  modulation 
must  take  full  account of the  latitude  dependence  of  the  spiral  field 
geometry  and  sign of the IMF, together  with  the  latitude  dependence  of 
the  solar  wind  velocity  and  magnetic  turbulence.  Sufficient  experimental 
evidence  has  been  put  forward  to  suggest  the  real  existence of 
perpendicular  to  the  equatorial  plane  gradients  and  flow  patterns  and 
both  experimental  and  numerical  modelling  evidence  demonstrate  that  drift 
motion  perpendicular  to <& can  have  noticeable  effects  upon  the  near- 
earth  cosmic  ray  intensity. 

One of the  initial  problems  investigated  by  numerical  solution 
of the  3-D  Fokker-Planck  equation  was  that of reconciling  the small, 
measured  radial  gradients  with  the  small  values of X,, that  both 
analytical  theory  and  numerical  modelling  require.  Fisk  (1976d)  employed 
the  Jokipii  (1971)  estimates  for  the  spatial  diffusion  coefficients  to 
give : 
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assuming P(k) a k 
with  the  factor (h,,r-r;?g?2 put  equal  to  unity  if  Fg > Xcor.  Also 

-3/2 = correlation  length = 1.5 x 1011 cm and 

again  with  the  factor (rg/A) = 1 i f  rg > X,,,. D r i f t  motion due t o  
was neglected  in  the Fokker-Planck and an al ternat ing  gradient  

modification  of  the Crank-Nicholson  numerical  technique employed. K, 
w a s  kept  constant  with  respect  to r ,  but K,/K,, a r a t  < 2 GV due t o  
the r9 dependence. A t  2 GV, par t ic les   scat tered  into  the  equator ia l   p lane 
from the  regions  of  easy  access  along  near-straight  polar  field l i n e s  
p r e f e r e n t i a l l y   a t  small r. Figure  13 shows the  resul ts   obtained and 
depicts  the  near-earth  proton  intensity,   the  radial   gradient and r ad ia l  
anisotropy. Note the few percent  per  AU'radial  gradient,  in good accord 
with  experiment,  but  also  the  outward  streaming which is  a natural  
consequence of the  easier,   off-ecliptic  access.   This outward  anisotropy 
i s  not  in  accord  with  the Dyer e t  a1 (1978)  spacecraft  data,  but 
quali tatively  agrees  with  the Quenby and Hashim (1969) interpretation  of 
ground level  diurnal  variation  data.   Figure (14) shows the   l a t i t ude  
dependence obtained by F i s k  a t  l AU for  25 MeV and 1 GeV par t ic les   wi th  
e i t h e r   f i n i t e   o r   z e r o  K, (= K e ) .  Note the  reduction  in  polar  gradient 
t h a t  can be brought  about by the  introduction  of  perpendicular  diffusion 
and the  consequent enhancement of  the  near-earth  intensity.  Alaniya 
and Dorman (1977)  performed a similar ca lcu la t ion   to   tha t  of F i s k  
(1976d)  and  demonstrated that  acceptably small radial   gradients  can be 
obtained  provided  the  diffusion i s  anisotropic (K,/K,, < 1) out   to  a 
distance % 8 t o  16 AU. 

3/2 

Dorman and  Milovidova (197.3) solved  the Fokker  Planck (72)  
allowing K,, a K, a Q-O *6  r1i2 where Q i s  the monthly  sunspot number 
evaluated as a function  of  solar  lat i tude.  For the  years 1958  and  1964 
peak in t ens i ty  was found at   the   solar   poles ,   but  a north  to  south  gradient 
occurred  across  the  equatorial  plane. 

Cecchini and Quenby (1975) were concerned to  explain  the inward 
streaming a t  1 GV (Dyer e t   a l  1974) in  terms  of a K,, and K, l a t i t ud ina l  
var ia t ion such that   d i f fusion was a t  a minimum opposite  the  zones  of 
maximum sunspot  activity.  Inward streaming in  the  equatorial   plane and 
a t  high  solar   la t i tudes i s  balanced  in  their  model  by outflow  opposite 
the  sunspot  zones. These authors  integrated  the Fokker  Planck ( 7 2 ) ,  
which still  neglects $ and allowed K, = K,, a r g  ( 8 )  fo r  r > 1 AU where 
g(8)  = 1 + cos 8 (5  cos2 8 - 3) and K,, a t  1 GV and 1 AU took the  value 
2.1022 cm2 s-l. The  model successfully  explained  the  streaming  observation 
of Rao e t  a1 (1967) and  Dyer e t  a1 (.1974) , but  despite  the  over-large 
K,, value  adopted, still gave rather  large  radial   gradient,   e.9.  20%/AU 
a t  100 MeV. This last  f a c t  i s  l i k e l y   t o  be physically due to  the  necessity 
i n  the model for  bringing  particles  in  through  the  equatorial   plane,  
unlike  in  the above Fisk model where input was predominantly a t  high 
l a t i t udes .  

A fa i r ly   recent  and clearly  important advance i n  modulation 
theory  has  been  the  realisation  that   drift  motion i n  a mainly  uni- 

e direct ional  is  important. The basic  formula  for  the  inclusion  of  this 
e f f ec t   i n   t he  Fokker Planck  have been given in sec t ions  (3)  and ( 4 . 3 ) .  

That i s  w e  add to  equation (72)  a term  given by ( 4 2 ) .  A t  the Kyoto 
Cosmic  Ray Conference,  three  groups  provided  numerical  solutions  of 
t h i s   f u l l  Fokker-Planck (.still without  acceleration  however),  including 
the KT term ( k r a a l   e t   a l l  1979; Jokipi i  and Kopriva,  1979;  Alanyia and 
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Dorman, 1979). The basic  difference between the models of Moraal e t  
a1 and Jok ip i i  and Kopriva l i e s   i n   t h e  importance  of d r i f t   i n   t h e  
neutral   sheet.  

Moraal e t   a 1   i n   f a c t   p u t  = 0 and <yD' = 0 a t   t he   neu t r a l  
sheet on the  grounds t h a t  we do not know i f   spec ia l   t r a j ec to r i e s   a r e  
possible as i n   t h e   e a r t h ' s  magnetic t a i l .  We have already  noted  the 
limited  information on the  actual  configuration  of  the  neutral  sheet 
contained  in  the  analysis  of  Villante  et  a1  (1979). The numerical 
solutions  of Moraal e t  a1  always  yield a rising  perpendicular  gradient 
away from the   equator ,   as   i l lus t ra ted  by Figure 15. This  figure shows 
pre- and  post-1969/70 reversal  conditions a t  two energies,  based upon 
the  diffusion  coefficients 

K, = K, @(-) (1 + sec $1 o r 2  

re 

with K,' = 1 . 2  x lo2' cm2 s'l, Kilo = 1 . 2  x cm2 s for  weak 
modulation  conditions and K,,' = 3.0 1021 an2 s-l for  strong modulation 
conditions.  Apart from the  posi t ive  la t i tudinal   gradient ,  we notice 
the   oppos i te   d r i f t   e f fec t  on protons and electrons,  because  of  the  sign 
dependence of KT. Pre-1970, the  protons  are   depleted  re la t ive  to   the 
electrons  because  the  former come in  via  the  equatorial   plane and d r i f t  
poleward while   the  la ter  come in   v ia   the   po les .  Post-1970 the   s i tua t ion  
is reversed.  This  puts on a quantitative  basis  the  explanation  of  the 
difference  in   the  e lectron and proton  hysteresis  loops  noticed by K O r f f  
and  Mendell  (1977) and.Rockstroh  (1977) and discussed by Jokipi i ,  Mendell 
and Quenby during  the  course of the  Plovdiv Cosmic  Ray Conference 
(Quenby 1977). The very  large  modulation  seen  for  the  situation  of 
North Field I N ,  case B ,  is because pa r t i c l e s   a r e  swept out  both by the 
solar  wind velocity and the   <v , ,>   d r i f t   s ince   <v , ,>   d r i f t  i s  in   the   (cur l  B) 
d i rect ion and the  only mode of  entry is by diffusion i n  the  equatorial  
plane.  Figure  16  for cosmic ray  protons  i l lustrates  a numerical  study 
of  the  fraction  ofnear  Earth  particles that o r i g i n a t e   a t   d i f f e r e n t  
l a t i t udes  on the  solar  cavity boundary. We not ice   tha t   for   nor th   f ie ld  
I N  where t h e   d r i f t  is  out  of  the  equatorial  plane  there is a t i g h t  
grouping  about 0 = 90'. This  contrasts  Qiththewide  spread  of  entry 
points   for   north  f ie ld  OUT. 

-1 

Jok ip i i  and  Kopriva  (1979) include  an  additional  term  in  the KT 
par t  of the  diffusion  tensor   corresponding  to   rapid  par t ic le   dr i f t  
motion  along  the  theoretical  interplanetary  neutral  sheet.  This i s  

where I' = r R  s i n  8/V. Motion along  the  neutral  sheet i s  i l l u s t r a t e d  
in  Figure 1 7  where the  migration is in   t he  V x di rec t ion   for   par t ic les  
whose gyroradii  include this plane.  Otherwise  the  parameters employed 
are  not  dissimilar  to  those of Moraal e t  a1  (1979).   In  particular,  
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K,, = 5 . l o  6 cm2 s , K, = 0.1 K,, and  integrations  were  carried 
out  to  a  similar  boundary  position  at 10 AU.  Figures 18, 19 reproduce 
their  numerical  results  for q A  positive,  that  is  post-1969  and q A  negative 
(pre-1969)  where  A  specifies  the  field  strength.  In  the  figures  U/UB 
refers  to  intensity  relative  to  that  at  the  cavity  boundary.  An  important 
point  to  notice  is  that  for q A  positive,  the  radial  gradient  in  the 
equatorial  plane, 6 = 90°, is very  low  for 70 MeV  protons.  The  authors 
demonstrate  that  this  result  does  not  depend  very  much on the  diffusion 
coefficient,  K,,  adopted,which  can  be  very small. Hence  there  is  no 
problem  with  reconciling  more  recent  radial  gradient  measurements  and 
numerical  values of K,,  with  the  model. 

21 p 2  -1 

Concerning  the  pre-1969/70  results  for  q  A  negative,  the  falling 
gradient  away  from  the  equatorial  plane  fits  with  several  measurements 
discussed  in  section (8). Also the  Dyer  et  a1  (1974)  inward  streaming 
which  was  at  its  largest  early  in  the  year  fits  qualitatively  with 
the  flow  pattern  expected  from  a  falling  latitudinal  gradient.  Such  an 
inflow  pre-1969  also  satisfies  the  work of Levy  (1975) , based on 
neutral  sheet  motion  which  effectively  fits  into  the  Jokipii  and 
Kopriva  formulation  because  of  the  latter's  use  of  (73).  Levy  pointed 
out  that  the  Forbush  and  Beach  (1975) analysis,of the  22-year  wave  was 
consistent  with V x  directed  outflow  post 1969/70 and  inflow  pre 
1969/70.  Also  an  approximate  solution of the  3-dimensional  modulation 
,equation  yielded  the  result  that  meson  detectors  would  see  this  effect 
,enhanced  over  that  seen  at  lower  energies  by  neutron  monitors,  again  in 
qualitative  agreement  with  experiment.  The  effect of the  scale  size of 
neutral  sheet  distortion  on  the  idealised  trajectories  has  not  yet  been 
discussed  however 

One  point  concerning  the  Jokipii  and  Kopriva  prediction of 
Figure 19 for q A  negative  which  might  cause  concern  lies  in  the  large 
magnitude of the  radial  gradient  at 6 = 90°. It  is  worth  remembering, 
however,  that  early  measurements of the  gradient  by  direct  means  and 
indirect  means  (O'Gallagher 1967; O'Gallagher  and  Simpson,  1967,  for 
Mariner 4; Lezniak  and  Webber  1973  for  Pioneers 8 and 9 and  Bercovitch 
(1971)  using  neutron  monitors)  all  give  gradients  in the 5 1O%/AU  range 
for  pre-1970  data  at  relatively  high  energy.  However  Anderson  (1968) 
provides  a  counter  example of a gradient  measurement  in  1965  yielding 
< lO%/AU. 

The  steep  rise  near  the  boundary  in  all  the  plots  of  Figures 
18 and 19 seem  unphysical  and  could  result  from  an  inability  to  model 
this  region  well.  Jokipii  and  Kopriva  (1979)  'compute  the  radial  anisotropy 
arising  in  the  q  A  positive  situation  and  find % 0.2 +- 0.3% at 1 +- 2  AU. 
The  authors  emphasise  the  existence  of  a  broad,  interior  plateau  in  the 
low energy,  equatorial  region  which  is  connected  to  the  inner  and  outer 
boundaries  by  thin  boundary  layers of rapidly  changing  intensity  as 
mentioned  above.  It  seems  possible  that  the  outer  layer  at  least  is 
an  artefact of the  model  representing  a  sudden  switch  from  entry  along 
the  near  equatorial  plane  or  near  polar  field  lines  to  transverse 
diffusion  under K, 0, U $s the  boundary  is  approached  and  the  easy 
motion  path  parallel  to  get  too  long.  Actually  the  one  situation 
where  this  qualitative  explanation  will  not  work  is  for q A negative, 6 = 
90° where  inward  motion  along  the  neutral  sheet  is  important.  However 
for  this  case,  the  outer  boundary  layer  disappears  (Fig.19). In the 
model, K,, was  maintained  constant  with  distance,  which  is  clearly  not 
the  case,  while rm was  artificially  close  to  the sun. A more  distant 
boundary  and  a  more  realistic  variation  of K,, with  r  could  probably 
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reduce  the boundary layer  gradients  to  reasonable  values.  

Jok ip i i  and Thomas (1981)  extended  the  above model .of Jokipi i  
and  Kopriva to  include an  approximate  treatment  of  the wavy current 
shee t   e f fec t  on the flow and intensity  (equation 6 ,  section 2 ) .  
They a r e  concerned to  incorporate a possible  solar  cycle  dependent 
change in   the  current   sheet  tilt in  the model and thereby  produce 
an  explanation  for  the  11-year  cycle  independent  of  the  constancy 
of  the  magnetic  fluctuations and solar  wind speed  parameters which 
usually  specify  the  modulation  level. They are  able to  use a 
reasonable  variation  in  the tilt angle, between 10' and 30°, t o  
give  the  observed  solar minimum t o  maximum cosmic ray  variation. 
Higher tilt means  more path  length  in  the  neutral  sheet and greater 
modulation. The observed much f l a t t e r  .cycle var ia t ion   for  q A 
posi t ive as compared with q A negative is reproduced in  the  theory. 
Jokipi i  and Thomas ob ta in   t he i r   r e su l t s  by neglecting K,,, based  on 
the  previous,   Jokipii  and  Kopriva  (1979) work which showed t h a t  
approximately  similar  results  could be obtained  with  or  without  the 
inclusion  of   paral le l   d i f fusion.  It  is important   to   real ise   that  
the  nuetral   sheet motion is crucial   to  the  exact working  of these 
3-1) models  and i f  subsequent  investigation  of  particle  trajectories 
i n  a r e a l i s t i c ,  jagged neutral   sheet produce a much lower  <vDneutral> 
than  used i n  (73), d i f f i c u l t i e s  w i l l  appear  with  the  models, 
especial ly   for  q A negative. 

In  conclusion, it is  worth  saying that   the   diffusion  plus  
d r i f t  model for  modulation,  including  neutral  sheet  motion,  promises 
t o   s a t i s f y  a variety  of  evidence,  although some c o n f l i c t   i n   t h e  
experimental  data  does  not  permit a certain  conclusion on the  model's 
va l id i ty  as yet.   In i t s  favour,  the Jokipii-Kopriva-Thomas model : 

(a) is required  because  numerical  computation  supports  the 
inclusion  of  guiding  centre  drift ;  

(b) i s  required  because  of  the  disappearance  of  the  high 
la t i tude  sector   s t ructure:  

(c) f i t s  with  the  required low K,, values; 

(dl f i t s   t h e  observed  electron-proton  hysteresis; 

[e) f i t s  some inward  streaming  observations; 

( f )   f i t s  some perpendicular  gradient  observations: 

(-9) may explain  the  11-year  cycle; 

(h) may throw new l i g h t  on ea r ly  and possible  large 
radial   gradient  measurements. 

We have  mentioned some perpendicular  gradient  observations 
(.e.g. Newkirk  and  Lockwood, 1982) and streaming  observations  (e.g. 
Quenby and Hashim, 1969) which do not seem t o   f i t   t h e   d r i f t  model. 
Also the   loca l   so la r   ac t iv i ty   cont ro l   o f  IMF conditions a t  1 AU has 
been emphasised, makingmany experimental  checks  difficult. The ISPM 
mission w i l l  surely  provide  crucial  evidence on the   ro le   o f   d r i f t s  
by get t ing away from these  local   factors .  However it would  seem t h a t  
ISPM w i l l  be  launched i n  a g A negative epoch  and  have l i t t l e  hope of 
seeing  neargalactic cosmic ray  conditions  over  the  solar  poles. 
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1 2  E f f e c t s   a t t h e  Boundary of  Modulation 

For  completeness we br ief ly   discuss  two other  aspects  of 
modulation.  Regarding  the f i r s t ,  which is  the  helio-cavity boundary 
effect , , .   the   reader  is recommended to  study  the  excellent  review  of 
Axford (1971). The heliosphere is defined by the  confinement due t o  
t h e   i n t e r s t e l l a r  medium. Fahr e t  a1  (1981) may be consulted as a 
recent  investigation  of  the combined e f f e c t s  on stopping  the  solar 
wind exerted by the  inters te l lar   rampressure.   This   pressure is made 
up of   the  inters te l lar   magnet ic   f ie ld   pressure,   the  momentum of  the 
i n t e r s t e l l a r  plasma i n  motion relative  to  the  solar  system,  the 
i n t e r s t e l l a r  plasma  thermal  pressure and the momentum exchange  due t o  
the  ionisat ion  of   inters te l lar  atoms as  they  penetrate  near  to  the 
sun. A weak shock is expected a t  Q, LOO AU, const i tut ing a heliocavity 
boundary not  inconsistent  with  positions  suggested by cosmic ray 
gradient measurements. Babyan and Dorman (1979) present one of a 
number of   ca lcu la t ions   in   the   l i t e ra ture ,  based upon spherically 
symmetric  modulation, i n  which the  additional  slowing down ef fec t   o f  
cosmic rays on the   so la r  wind i s  included. For l i k e l y ,  low values 
of t he   i n t e r s t e l l a r   neu t r a l  hydrogen densi ty ,   i .e .  NH Q, 0.1 -+ 
0.5 ~ r n - ~ ,  the cosmic ray  effect   exceeds  in magnitude t h a t  due t o  
charge  exchange  with the  neutral   gas and the  solar  wind is slowed by 
a factor  2 in   ve loc i ty   in   the  20-100 AU region,  the  exact  scale  size 
of  the  deceleration  being  dependent on the form  and energy  density  of 
the  galactic cosmic ray  spectrum. 

The problem  of the   access   o f   in te rs te l la r  cosmic rays  to   the 
LMF l ines   has  been discussed by ..%hatten and  Wilcox  (1964)  and 
Nagashima and Morishita  (1979). These authors  believe  that  access 
is eas i e r   i f   t he   so l a r  wind and i n t e r s t e l l a r  magnetic f i e l d s   a r e  
near ly   para l le l ,   ra ther   than   an t i -para l le l ,  and t h a t  22-year cycle 
effects  in  the  diurnal,   long  term and  anomalous component var ia t ions 
can be explained by the  efficiency of this   t ransfer   process .   Morf i l l  
and Quenby (1971)  have computed in   de ta i l   the   ab i l i ty   o f   energe t ic  
charged pa r t i c l e s   t o   t r ans fe r   ac ross  a tTngential  discontinuity 
representing  the  f ield boundary  between the geomagnetic t a i l  and the 
solar  wind flow in   t he  magnetosheath. The implication  of  their  
r e s u l t s  is that   the   re la t ive  or ientat ion  of   the two sets of magnetic 
f i e l d   l i n e s   h a s   l i t t l e   e f f e c t  on the  eff ic iency  of   par t ic le   t ransfer ,  
provided  the  dimensions  of  the  interface  are on a suf f ic ien t ly   l a rge  
scale.  Significant  turbulence a t  the  heliosphere boundary would 
inva l ida t e   a l l   t hese  models. 

Speculation  about  acceleration  of cosmic rays a t  the  cavity 
boundary is a topic which has been revived  recently by Eichler   e t   a1  
(1981).  Attention was drawn t o  shock acceleration  at   the  supersonic 
t o  sub-sonic  flow t r ans i t i on  a t  t h i s  boundary by Jokipii   (1968).  
E ich le r   e t  a1 however poin t   ou t   tha t  a favourable  configuration  for 
acceleration  with  the shock  normal nearly  parallel  to  probably  occurs 
only  within a few degrees  of  the  solar  poles  because  the  angle between 
these  directions is the same a s  JI, the  'garden  hose'  angle we have 
previously  used. The acceleration i s  favourable  because  the  injection 
speed is low. This  occurs  because  the  speed needed by a p a r t i c l e   t o  
escape  upstream from a shock af te r   re f lec t ion ,   o r   to   over take  a 
shock  from a downstream posit ion , goes down a s  JI decreases.  Eichler 
e t   a 1  suppose  ionised  interstellar  gas  to  consti tute  the  injection 
material a t   t he   so l a r   po le s   fo r   t he  anomalous  component. This 
component t hen   d r i f t s  down to  the  solar  equator  provided  the  f ield is 
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orientated  in   the  post  1969/70  manner. Before t h i s  phase  reversal, 
d r i f t  is  polewards and hence the  observed  presence  of  the anomalous ' 
component in   the  1970s  only and not pre-1969 is explained. An 
energy of roughly 240 MeV/charge is required  to  enable  the  particles 
t o   d r i f t   t h e   f u l l   l a t i t u d e  range  against  the -x x e l e c t r i c   f i e l d .  
Hence t h i s  energy  constitutes a minimum requirement on the boundary 
acceleration mechanism. We see   t ha t   E ich le r   e t   a1  (1981)  have 
provided a variant  of  the F i s k  e t   a 1  (1974) mechanism for   the  anomalous 
component which incorporates  the  3-dimensional  aspects  of  modulation. 
However t h i s  boundary acceleration may not be a unique  explanation of 
the  22-year wave aspect  of anomalous spectral  observations. Poleward 
d r i f t  of the newly created  ions,   e i ther   during  s ta t is t ical   accelerat ion 
or  during  subsequent  modulation,  in  the F i s k  e t  a1 process  under  pre- 
1969 conditions may be an  equally good reason  for  the  lack  of  an 
observed anomalous f lux a t  t h a t  epoch. 

Jok ip i i  and Levy (1979)  have  questioned from another  viewpoint 
the  spherically symmetric  boundary conditions commonly taken a t   t h e  
heliosphere boundary for   the   ga lac t ic  spectrum. They note   that   the  
-1 x g e l e c t r i c   f i e l d  produces  an  equator  to  pole  potential  difference 
of 218 MeV using  equation (6). This  could  have a marked e f f e c t  on 
cosmic rays  entering  with a comparable  energy, a s  i s  evident from 
our  discussion  in  section (5.2) on the Kota process.  Jokipii and 
Levy appear  to  neglect any additional boundary potent ia l  @B as 
discussed by  ErdUs and  Kota (1978) which could be  due t o  a cur l  E 
connected  with a reconnection  process a t   t h e  boundary. They instead 
suppose a vacuum outside so that.cosmic  rays from i n f i n i t y   a r e  
modulated a t  the boundary by an amount given by Liouvi l le ' s  theorem 
for  propagation  in  the  electrostatic  potential   defined by -1 x B with 
B given by (6) .   Al te rna t ive ly ,   Jokip i i  and Levy consider a s i t ua t ion  
where some IMF l ines   connec t   to   the   in te rs te l la r  medium v i a   e x i t  
points where the  solar wind flows  out beyond the shock t r ans i t i on  
downwind wi th   respec t   to   the   in te rs te l la r  medium  wind flow. I t  i s  
expected t h a t  E.B- = 0 along  each  f ield  l ine.  Hence  some pa r t s  of 
the  hel iosphere  are   a t   the  same e lec t ros t a t i c   po ten t i a l   a s   t he  
i n t e r s t e l l a r  cosmic ray component a t   great   d is tances ,   whi le   other  
pa r t s   a r e   no t   d i r ec t ly  connected to   i n t e r s t e l l a r   space  and may be a t  
the  potential   defined by -1 x E. On e i the r  model, intensi ty  
va r i a t ions   a t   t he  boundary comparable to   the  total   depth of  modulation 
may occur. 

13. Dynamic Modulation 

We have neglected  to  discuss  explicitly  the  cause  of  the 
Forbush decrease  in this review, pa r t ly  because it i s  l i k e l y   t o  be 
the   r e su l t  of transient  changes i n  the  solar  wind connected  with 
passage of special   discontinuity  configurations and p a r t l y   t o  keep 
the amount of  material  under  reasonable  control. Lockwood (1971) 
provided a review  of  Forbush  Decrease  observation and theory which 
can  be consulted. It is necessary, however, t o  mention the  a t tent ion 
which has  again been drawn to  the  hypothesis  that   the long-term  modulation 
is actual ly  made  up of a s e r i e s  of Forbush  Decreases. McDonald, . 
Trainor and Webber (1981),  observe from their   Pioneer 10  and Voyager 
da ta   tha t  between  June  and  September 1980, the  level  of the  long  term 
variat ion showed a decrease  of  18%  in  the > 200 MeV proton  flux a t  
both 9 AU and 23 AU and tha t   th i s   reduct ion  was achieved i n  a s e r i e s  
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of  four Forbush  Decreases. Each of  these  decreases had a sharp 
onset,   thus  requiring a b a r r i e r  mechanism such as   Parker 's  (1961) 
shock f r o n t   o r  Quenby's  (1971) tangent ia l   d iscont inui ty   as   par t  
of  the  explanation. However the minimum in tens i ty   in   the   event  
was seen when the  solar  wind had moved on 2-3 AU. I t  is  suggested 
by  McDonald e t  a1   tha t  some additional  cause is required  to  explain 
t h i s  minimum and t h a t  Forbush decreases  are  an  important component 
in  the  long term modulation. 

Preliminary  theoretical  investigations by Fisk Lee and Peko 
(1981) and Alaniya,  Guschina and Dorman (1981)  deal  with time 
dependent  solutions  of  the  Fokker-Planck  transport  equation  with 
increased  par t ic le   scat ter ing downstream of  regions  behind  flare 
produced  shock fronts.  The former  authors  neglect  drift  and take 
each  decrease  as  being due t o  a factor  10  decrease  in  Kr fo r  8 days. 
The la t ter   authors   a l low Kr t o  be a function  of r ,  t, 8 depending upon 
the mean monthly  sunspot  area  and  green  coronal l i n e   i n t e n s i t y  a t  the 
appropriate   la t i tude and a l so   inc lude   dr i f t  motion. F i sk  e t  a1 (1981) 
produce a predicted  time dependence  of  the cosmic ray   in tens i ty  
which is  more jagged  nearer  sunspot minimum and l e s s  jagged a t  solar  
maximum  when several  shocks  are  present  in  the  heliosphere a t  the same 
time.  Hysteresis  effects  occur between the  high and low energy 
proton  intensit ies.   Alaniya  et  a1 (1981)  claim, on the  basis  of a few 
preliminary  computations, that a d r i f t   p a r t i c l e   f l u x  is  a necessary 
feature  of  the model in  order  to  explain  the  solar  cycle.  

14 .  Conclusions 

As a brief  conclusion  to  this  review, we f i r s t   r e - i t e r a t e   t h e  
point that the  basic  process of modulation  has been understood  for 
some t i m e .  What is  needed for  detailed  understanding is  a b e t t e r  
appreciation  of  the magnitude  of the  var ious  effects  summing to   give 
the   t o t a l  mechanism. 

Advances in  the  determination  of  the magnitude  of the  transport  
coeff ic ients  and their   hel iospherical   d is t r ibut ion have  been made, 
but  further  progress depends to  a great  extent on information  potentially 
available from an out-of-ecliptic  survey and analysis  of  data a t  
3 20 AU. The data  required w i l l  come mainly from the magnetometer 
and  plasma  probes on the  spacecraft  going  to  these  places. 

The necess i ty   to   inc lude   dr i f t  motion, s t a t i s t i ca l   acce l e ra t ion  
and time  dependent e f f e c t s  in the  solution  of  the  transport  equation 
seems established.  Computational  problems  involved become  more 
formidable  but must be faced i f  a f u l l  understanding  of  modulation 
i s  t o  be achieved. 

Specification  of  the boundary conditions  in  terms  of  particle 
fluxes remain a d i f f i c u l t y  which the  experimentalist must help  to 
solve. In  particular  the  source  of  the anomalous component and low 
energy  turn up should be known i n  terms  of  position and dis t r ibut ion 
function  in  the  inner  solar  system  as an input  to  the Fokker-Planck 
equation  solution. Also evidence on the  cavity boundary flux,  possible 
posit ion dependent  modulation and acceleration a t  t h i s   i n t e r f ace  is 
required,  together  with more theoretical   study of the  physical 
mechanisms. 
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In  terms  of  the  impact  of  modulation  studies on astrophysics 
in  general  or  other  branches  of  Solar-Terrestrial  Physics,  the 
detailed  investigation  of  the plasma physics of par t ic le   t ranspor t  
is important.  Studies  carried  out  in  the IMF on the   ab i l i t y  of 
theory  to   descr ibe  par t ic le   t ransport   in   posi t ion  space and energy 
space are   probably  unrival led  in   their   detai l   in   the  f ie ld   of  
natural  plasmas.  Application  of  the  lessons we are learning  in  
the  IMFto  magnetospheric and astrophysical problems  should be  most 
prof i table .  

Unfortunately we are  Lit t le nearer  the  complete  demodulation 
solution. That is  to  say we cannot te l l   the   as t rophysicis t   yet   exact ly  
what t h e   i n t e r s t e l l a r  cosmic ray  f lux is  a t  a l l   ene rg ie s  and f o r   a l l  
charge  species. More penetrating  deep  space  probes may be the  only 
answer ! 
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I F I G U R E  C A P T I O N S  

Figure 1 A representation of the  Heliosphere  current  sheet  as  seen by an 
observer 30° above the  equatorial  plane and 50 AU from the 
sun f o r  V = 4 x lo7 cm s-l and a tilt angle CL = 15O. (After 
Jok ip i i  and Thomas, 1981). The figure is 25 AU across. 

Figure 2 Solar wind speeds  averaged i n t o  15O l a t i t ude   i n t e rva l s   fo r  six 
month periods are plot ted  against  time i n  (b)  and (c) . Single 
rotat ion estimates of polar  coronal  hole  areas  derived from 
photcs$ericobservations  are  plotted  for  the  north  polar  hole  in 
(a) and for   the  south i n  (d) . The slowing  of  the wind above a f 30 

l a t i t u d e   i n  1978 is matched  by a narrowing  of  the polar holes. 
( a f t e r  Coles e t   a l ,  1980). 

Figure 3 The shape  of  the  current  sheet as extrapolated from the  location of 
the boundary  crossings,  the  orientation  of  the  local  normals 
of  the  current  sheet and the  longitudinal  extension  of  the  unipolar 
regions  of the interpLanetary  magnetic  field.  Solid lines correspond 
t o  the region of d i r ec t  knowlege  of the current  sheet by HELIOS 
observations.   (after  Villante  et   al .   1979).  

Figure 4 Transverse power spectral   density in  interplanetary magnetic f i e l d  
turbulence a t   d i f f e r e n t  mean radial   d is tances  from the sun 
(R i n  AU) . (After Thomas and  Smith  1980 b)  . 

Figure 5 Power spectral   densi ty   of   f luctuat ions  in  of the IMF a t  various 
values  of R (AU) . (After Thomas and  Smith  1980 b) . 

Figure 6 A simple  approximation to   the  pi tch  angle   diffusion  coeff ic ient  
D (q) suggested by Vijlk (1973) . The dotted  curve  indicates  the 
quasi l inear   resul t  Dql. The actual D (TI) is taken  equal  to D q l  ( n )  
f o r  In I > I no I and equal  to D (01 for  I n I< Ino I . qis cosine  pitch 
angle  in  the  notation of V81k. 

Figure 7 The k ine t i c  energy  spectrum  of  the  differential   intensity  jT ( r , T )  
f o r  a monoenergetic ga l ac t i c  spectrum  of  protons a t  i n f i n i t y  

(Up 3 Ng 6 (p - po) as r + <a). The k ine t i c  energy  of  injection 
To is equal  to  the  rest   energy Eo. The diffusion  coeff ic ient  K = 
prl:’ and V r / K  (r ,po) = O,C1, 0.1 and 1.0. ( a f t e r  Gleeson  and 
Webb. 1979) . . 

Figure 8 Flow l ines   in   the  ( r ,p)   plane  for  a monoenergetic a l a c t i c  spectrum 
of p a r t i c l e s   a t   i n f i n i t x  (Up -F Ng (p - po) as r + a) . The diffusion 
coeff ic ient  K = Kc p r l .  and V r e  /K (re,po) = 0.1 
The flow l ines   a r e  shown by t h e   f u l l   l i n e s  whereas the   l oc i i  

( a f t e r  Gleeson and Webb) . >= 0, <fi> = 0 and t h e   c r i t i c a l  curve a r e  shown by  broken l ines .  

Figure 9 To demonstrate  the  insensit ivity of  the  near-Earth  proton  spectrum 
t o   t h e  form of  the low energy  .galactic  spectrum w i t h  
K = 6 x 1021 & P cm2 s-’. The force-field  parameter +Cr = l A U ) =  3.14GV 
and the  solar   cavi ty  boundary r b  = 10 AU ( a f t e r  Gleeson  and Webb). 
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Figure  10 (a) , (b) A  series  of essentiallymonoenergetic nuclei  spectra 
in  interstellar  space  (solid)  and  their  resultant  modulated 
spectra  at  the  Earth  (dashed).  Figure  10a  is  for  protons, 
figure  10b  is  for  helium  nuclei  (after  Goldstein  et  at  1970). 

Figure 11 Differential  energy  spectra  of  hydrogen,  helium,  carbon  and  axygen 
observed  in  the  interplanetary  medium  near  1AU  during  the  solar 
minimum  in  1976-77  at  times  when  solar  flare  particles  were  not 
present.  Particles  in  the  rising  portions  of  the  energy  spectra 
are  believed  to  be  predominate17  interplanetar-y,$n  origin,  The 
galactic  cosmic  rays  'are  6bserired  for H above 10 MeV,  for  Het;above 
60, - 80 MeV/nuc and for  C  and 0 above 30 IleV/nuc. In the 
intermediate  energy  range ( 1 to %30 HeV/nuc)  appear  the 
anonialous  'cosmic-ray',  component  where  hellum  and  oxygen  are 
highly  overabundant  and  have  'humped"  spectral  shapes.  At 
still  lower  energies,  a  quiet  time  turn-up  is  seen.  (after 
Mason  et  al, 1977): 

Figure  12 Comparison  of  model  calculations  with  experimental  results  for  the 
quiet  time  spectra.  1973  quiet  time He,  N  and 0 data@;  1973-1975 
low  energy  N, 0, Ne  data @ ; high energy  He  and 0 data (+) . The 
high  energy  N  and  Ne  spectra  are  normalized to the  oxygen  spectum 
using  galactic  cosmic  ray  abundances.  Curves  (1)  and  (2)  are 
the  calculated  spectra  for  the  galactic  component  and  for  the 
anomalous  component,  respectively.  After  Klecker  (1977)  where 
references  to  the  originalsources  of  the  data  are  also  given. 

Figure  13 The  near-Earth  intensity  spectrum  (JT),  gradient  (Gr)  and  radial 
anisotropy  (cr)  for  the  latitude-dependent  model  of  Fisk  (1976d) e 

Figure  14 A  plot  of  intensity  versus  polar  angle I? at  r = 1AU  for  T = 25 MeV 
and  T = 1 GeV  protons  from  Fisk  (1976d) e Note  the  difference 
between i50 polar  diffusion Be = 0 (dashed  curves)  and  polar 
diffusion  included (KOSO, full  curves). 

Figure  15 Solutions  of  modulation  equation  for  near-Earth  intensities  of 
protons  (a ) and  electrons (c). Polar  intensity  distributions 
for  protons  at  1AU  are  shown  in (b).  (after  Moraal  et  a1  1979). 

Figure 16 Illustration  of  the  fraction  of  near-Earth  particles  that  crossed 
the  boundary of the  modulation  cavity  at  a  particular h e l i o l a t i t u d e  
(after  Moraal  et  a1  1979). 

Figure  17 Energetic,positivelycharged particles  whose  guiding6entres 
fall  within a gyration  radius  of  the  magnetic  reversing  layer 
undergoing  rapid  migration in the  direction V x (after  Levy  1975). 

Figure  18 Computed  intensity  (or  density)  of 70 MeV  protons  as a function 
of  bliocentrio-  radius r, at 10' intervals. q A is  positive 
(after Jokipii and  Kopriva, 1979). 

Figure 19 Computed  intensity  (or  density)  of  70  MeV  protons  as  a  function 
of  heliocentric  radius r, at 10' intervals. q A  is  negative 
(after  ,Jokipii  and  Kopriva, 1979). 
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